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Abstract
A Baseband Mixeignal Receiver FrorEnd for 1Gbps
Wireless Communications at 60GHz
by
David Amory Sobel
Doctor of Philosophy in Engineerifigelectrical Engineering andomputer Sciences
University of California, Berkeley

ProfessoRobert W. Brodersen, Chair

In 1995, the FCC allocated the spectrum fro@GHz to 64GHz as an unlicensed
band and $ortly thereafter, exteradl this unlicensed band to 84GHz, thus providing
7GHz of unlicensed spectrum for general purpsseSimilarly, regulatory bodies across
the globe have also set aside m@tiz blocks of spectrum at 60GHz for unlicensed use.
The presence of a true muldHz worldwide band has sparked immense interest in
developing high-throughput 60GHz communicationssystems Furthermore, the
demonstration of CMOS nuwave circuitry in recent years has made feasible the
possibility of a highly integrated, aBMOS 60GHz transceiver.

However, the design of such a system is made quite difficult by several factors:
first, the 60GHz indor channel has increased transmission loss due to both the increased
free-space loss and the poor transmissivity of common building mateiisla. result,
systems employing omnidirectional antenn@not achieve Gbps rateand more

complexsystemsempbying adaptive beamformingiust be architected. Secondlyhe



limited performance of CMOS miwave components requires new approaches to system
and architecture design, as the high level of system performance must be maintained with
relatively low qualitymm-wave circuits.

The work presented in this dissertation focuses on the analysis, specification, and
design of a baseband system and architecture for 1Gbps, 60GHz wireless receiver.
System exploration is conducted in order to find a suitable architefdura high
performance system composed of limi{setformance CMOS mswave circuitry. A
mixed-signal baseband receiver design is proposed in order to minimize the overall
power dissipation and implementation complexity. The proposed system performs much
of the signal processing related to the task of synchronization in the analog domain, so
that the signal is properly conditioned prior to sampling and quantization. This approach
reduces the resolution requirements of the disipbed analcgp-digital converers
(ADCs), dramatically reducingystem power consumption.

The proposed architecture was designed and fabricated in a 90nm standard digital
CMOS process. Theegign consists of a mixegignal carrier phase rotator block with
500Ms/s DDFS DAC, a &ap mixedsignal complex decisiefeedback equalizer
running at 1Gs/s, and two 2Gs/shid flash ADCs. This analog fror@nd achieves a peak
SNDR of 24.8dB at the full Nyquist rate, has linearity exceeding 38dB, and dynamic

range greater than 31dB. Overall cpgwer consumption is 55mW.

Professor Robert W. Brodersen
Dissertation Committee Chair
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CHAPTER 1. INTRODUCTION 1

1 Introduction

1.1 Trends in High Data-Rate Wireless Systems

Wireless technology has had a dramatic impact on the way we work, live, and play.
Fifteen years ago, it was unthinkable to imagine that an individual could have data
connectivityanywhere other than at a termioaldesktoghatwas tethered to an Ethernet
port or a dialup modem Today, it is commonplace to assume thiatough the use of
wireless communications technology,person can hawwice, video, and data access
anywherein his office, his homeor just about any corner of the glob#&/lith the rapid
commercialization of wireless local area networking (WLAN) technologies such as
802.11 over the past several years, achievable indoor wireless data rates have scaled from
roughy 1Mb/s to over several hundreds of Mb/s. This growth in bandwidth has enabled a
host of new technologies and applications, includeattime audio and video streaming
Furthermore, the use of wireless, instead of wired, communications technology has
hdped spread the overall adoption of the technology in the consumer market, as ease of
installation and customer satisfaction is greatly increased by the elimination of unwieldy
and unsightly wires and cablfy.

As wireless access has become an increasingly important part of our everyday
lives, thedemandfor wirelessbandwidth similarly increasesApplications that were
typically run over traditional wired networssuch as web surfing, file and printer
sharing, ad voice over IP (VOIR) can now be easily run on 802.11 wireless networks.

Similarly, recent developments in ultrawideband (UWB) technologfiesv promisdor



CHAPTER 1. INTRODUCTION 2

delivering iwi r el es s USBoO connecti vi t yintersiget we e n
peripherals like diital camerasgamcordersand external hard disk drives rates of up
to 480Mb/9[2].

However, there are new wireless applicatitret demand even greater bandwidth
than either 802.11 or UWB can provid#ith the widespreadd d opt i on of HDTV
sources of HD content (such d3$D settop boxes,Blu-Ray DVD players,HD
camcorderset al) there is growing demand for re@the wireless streaming between
these various HDevices Similarly, wireless connectivity between a PCswas a
laptop) and a display (either a monitor ar BCD projector) is desirable in many
environmentsAdditionally, the prevalence of mobile personal video players (such as the
i Phone, et al) motivates for thadtassierabi | it
large media files between the mobile device and a personal conopeteahigh-speed
wireless link. As shown ifrigure 1.1, these applications require throughput exceeding 1
Gb/s, well beyond the capacity of existingireless systems Therefore, other
technologies must be developed in order to accommodate these new appliditses.
applications require sherange (on the order oR-20m) wireless communications
capable of handling throughputs of 1Gb/s and aboviypital indoor residential and
corporate environment$his dissertation presents a study of the key issues involved with
enabling this new class of wireless technology and preflemtiesign of a receiver for

such a system.
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Capacity of 802.11n

Capacity of UWB 4.95-10.2 Gbps

}
1.12 - 2.98 Gbps
B 11-146bps

I 05 1.3Gbps
B 0.7 1.4 Gbps
0.5-2.6 Gbps

o+ 1 2 3 4 Data Rate {Gbps)

Full HDMI support

Uncompressed 1080p

Uncompressed 1080i
Uncompressed 720p

File transfer of DVD movie
in<1 minute

Wireless monitor/projector

Figurel.1l: New wireless applications and their associated datarate requirements

1.2 Recent Developments in the 60GHz Regulatory and
Industrial Landscape

In 1995, the FCC allocated the spectrum from 59GHz to 64GHz as an unlicensed,
band[3]. Shortly thereafter, the FCC amended their rules to extend this unlicensed band
to 57-64GHz, thus providing 7GHz of unlicensed spectrum for general puysegé].

The availability of a true mulGHz band has sparked immense commercial interest in
developing 60GHz technology in order to meet the demands of these new high
bandwidth wireless applicationis 2005,IEEE has organized the 802.15td8skgroup to
develop a standard for a 60GHz wirelessrspnal area network (WPAN) with
bandwidths in excess of 1Gb/§5]. Around that same timeframe, several companies
began research and development of 60GHz wireless techndtogyommercial
applications.One of the key technicalriving forces behind the commercial interest in

60GHz technology was the demonstration of the feasibility of implementing 60GHz
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circuitry in standard, lovcost CMOS[6], [7]. However, die to the limitations of CMOS
technology at 60GHz in comparison to other, more expensive materials, new system
architectures and techniques must be investigated in order to make a hightel addt

CMOS solution feasibleA major aspect of the researchsdribed in this dissertation is

the analysis and design of a receiver architecture that can accomplish this goal.

1.3 Research Goals and Contributions

The goal of the research presented here is to investigate system design issues
relatedto the design ofrmdl-CMOS, 1Gbps 60GHz wireless receiver and to propose
both a system architecture and a baseband receiver implementation that is ofpable
meeting this high throughput requirement with low power dissipation and implementation
complexity. This research tentered around two key theses: first that the overall system
design and architecture in inherently linked to the underlying circuit implantation, and
that the system must be designed with the strengths and weaknesses of CMOS
technology in mind at all ties. The second thesis is that the judicious partitioning of the
signal processing functions of the receiver baseband between the analog and digital
domains is necessary for a truly kpewer implementationTherefore, the scope of this
work covers both higlevel system design and lelevel circuit implementation
research, as well as an investigation of the interplay between system and circuit design. In
summary, the research contributions include:

1 An analysis of modulation schemes appropriate for use aithGbps,

60GHz allCMOS receiver
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1 The design of a mixedignal baseband receiver architecttwereduce
overall power dissipation and complexity
1 A full analysis and simulation of the proposed receiver architecture in order
to determine necessary systere@pcations
1 The design and implementation of the proposed receiver in a 90nm digital
CMOS process, including the design of blocks such as:
o A novel mixedsignal carrier phase correction circuit
o A high-speed, lowpower Gs/s decisiofeedback equalizer ugj a
new adaptive tap sizing and positioning scheme
o A low-power, 4bit 2Gs/s ADC using a new staggef@eeraging

technique to minimize the impact of device mismatch.

1.4 Organization of the Dissertation

The rest of this dissertation is organized as follo@isapter2 examinesvarious
issues that are unique to 60GHz communications. The 60GHz indoor chaamalyzed
in depth, and key characteristics of this channel are discultsal.a review of prior
work measuring and charadigng the indoor 60GHz channel is presenteadChapter3,
system issues related to the design of a baseband receiver architecture are didoeissed.
impact of CMOS circuit performance at 60GHz is discussed, and modulatiemegh
and architectures that are amenable to aCRIDS implementation are investigated.
Also, a mixedsignal receiver architecture that promises low power consumption and

implementation complexity is proposed and simulat€dapter4 details the circuit
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implementation of the various blocks within the receiver. Chafiepresents
measurement results of the fabricated baseband receiver chip, and the dissertation closes

with conclusions and suggestidios future research in Chaptér
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2 The 60GHz Communications Channel

The 60GHz communications channel presents several new challenges and
opportunities to implement very high bandwidth wireless systems. In many ways, the
60GHz channel has characteristics that are so dramatically different froer low
frequencychannels, that a wireless transceiver designed for this channel might look quite
different from traditional transceiver desighsthis chapter, the 60GHz communications
channel is introduced aradqualitative discussion of the kelgaractestics ofthe 60GHz
channel is presentedhis chapteropens witha brief review of directional antenna
technology, becaudeas it will be showd an approach utilizing directional antenna at
60GHz becomes both feasible and required in order to design aswissigstem capable
of Gb/s throughput.

As interest in 60GHz communications has grown, there have been numerous
studies and measurement campaigns quantifying various parameters of the 60GHz indoor
channel and its dependsnon other physical parameters sashroom size, building
materials, and antenna configuratioh.survey of these studies is presented in this
chapter, with an emphasis on the key channel parameters that impact the system design of

a high throughput 60GHz transceiver

2.1 Review of Directional Antenna Technology

In order to understand the challenges and opportunities present in 60GHz wireless
communications, a basic understanding on antenna technology is required. In particular,

the utilization of directional antenna at 60GHz is a necessitg, tstef discussion of the
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basics of directional antenna technology follows. In depth discussions and analyses of
antennae, directional antennae, and their applicability to 60GHz wireless communications

can be found i8] and[9].

2.1.1 Definition of Terminology

When discussing directional antenna, there are a few basic terms that are frequently

used. The first is the notion of &otropic antennaAn | sotr opi ¢ antenna
hypothet ¢ a | | ossl ess antenna hav[8hAdrectooah | rad
antenna by <contrast, is defined as an anten

receiving electromagnetic waves more effectivelyannse di r ect i on[8. t han
Therefore, all physically realizable antennas are by necessity directional in nature, as
even the simple halivave dipole is a more effective radiator in directions perpendicular
to the dipole axis than in directions parallel to it. However, the @irectional antenna
i s Ausually applied to an antenna whose ma
that of a halwa v e  d[B]pAm lameina such as the haiflave dipole,which has
directionality in one planebut radiates equally in all directions in tlsher plane is
referred to as aamnidirectional antenna.

Any directional antenna can be characterized bradgation pattern The radiatn
pattern indicates the gain of the antenna in a given plane as a function of the angular
offset of the direction gbropagationAs an example, the radiation pattern of a-hadf/e
dipole is shown irFigure2.1 (a) and (b). Assming the dipole is oriented vertically, the

radiation pattern in the azimuth plane is omnidirectional Segire 2.1 (b)). The
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radiation pattern in the elevation plane (Begure2.1 (a)) does show sondirectionality

as discussed abovEhe maximum directivity of this antenna is 1.64 (linear), or 2.15dBi.

Radiation pattern of half-wave dipole (Elevation)
Q0 -

150/ o

210\ /330

270

(a)

Radiation pattern of half-wave dipole (Azimuth)
90 -

180/

2108 /330

270

(b)

Figure2.1: Radiation patterns of a halfvave dipole in (a) elevation plane and

(b) azimuth plane

The directivity of a directional antenna can be derived from its radiation pattern.

The directivity 1is

t he antenna to the

directivity of an antenna is a function of the angle of observation; however, it is implicitly

understood that the direction of interest is the direction of maximum radiation intensity.

In this context, directity can be defined as:

def i

ned as At he

radi at i o n[8].iTheretomne,sthet y

(1.1)

rat.

0]

0]

ayv
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where Unnaxis the maximum radiation intensity (in W/unit solid angle) Bad is the total
power radiated by the antenna. Therefore, a higher directivity indicates that a higher
percentage of the total radiated power is being transmitted in one particetiodi.

Closely related to the notion of directivity (and often used interchangeably) is the
concept ofantenna gainThe definition is almost identical, but antenna gain is defined as
the ratio of the radiation intensity in a given direction to the poaeeseptedby the
antenna (normalized by 4°) . As with direc
of observation, but it is also typically assumed to refer to the direction of maximum

radiation intensity. In this context, antenna gain can be ss@deas:

Q0 4 (1.2

whereey is theradiatione f f i ci ency of the ant eldethe (O 1)
antenna gain is just the product of the antenna directivity andniie@na efficiency. If
the antenna is a perfect, lossless radiator then the two quantities will be equal; in all real
cases, however, the gain of an antenna is (somewhat) less than its dirbetamge of
losses internal to thantenna Typically, the @in of a particular antenna is specified in
dBi, which corresponds to the ratio of thahtennéd gain to the gain of a lossless
isotropic antenna (expressed in d8)).
The half-power beamwidtiHPBW) is another measui& the directivity of an
antenna. The HPBW is the measure of the angle (in radians) over which the radiation

intensity of the antenna is at least dradf the value of its maximum value. It follows that
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an antenna with a higher directivity by necessitystthave a smaller HPBW. In fact, the

following lower and upper bounds on HPBW can be intuitively derived:

2(: "03 o 4u
—_— ow —-—
Qy o Qu o
The inverse relationship between antenna directivity and HPBM significant

(13)

ramifications when it comes to wireless link design; in particular, a highly directive
antenna will require increasingly precise antenna alignment in order to harness the extra
gain that such an antenna can provide. Antenna propagatiiesshave shown that an
antenna typically needs alignment to better than 30% of its HPBW in order to be

effectively used10].

2.1.2 Types of Directional Antennae

Directional antennae can come in many shapes, sizes, afigucations, but they
can be subdivided into two distinct classieeed andadaptive A fixed directive antenna
is an antenna that whose radiation pattern is determined solely by its mechanical
structure, and hence the basic shape ofailationpatterncan be discerned by merely
looking at it. Weltknown examples include horn antennae, waveguide aperture antennae,
and parabolic refl ector antennae, (mor e
mentioned above, the pattern of a fixed directive cannottbeed| although the pattern
can be redirected by physically moving the antenna. An example of this are the rotating
radar dishes typically seen at airports and on military equipment.

An adaptivedirective antenna is, by contrast, one whose radiation pattar be

altered, typically by electrical means. The most commondtyged the one of greatest
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applicability to the 60GHz spag@ds the adaptive antenna array. An antenna array is a set
of identical (and typically omnidirectional) antennae that are disatbut space in a
particular arrangement and each driven by a unique waveform. The total field of the array
is determined by vector addition of the fields radiated by the individual elefig¢nénd
the placement and eixation of the array can be configured so that the net array radiation
pattern has a high directivity aimed in the intended direction. Unlike fixed antennae,
however, the pattern of an adaptive antenna can be altered by changing the relative
excitation ofthe individual elements.

A common example of an adaptive antenna array idNteéement linear array.
This array is composed df identicalomnidirectionalantenna that are placed in a linear
fashion with an elemestb-element spacing ad. Figure 2.2 shows an example of this
array. For the sake of this example, let us further assume that each element in the array is
driven by an equal amplitude excitation, but each element is driven by a progressive
phase ot . (i.e. element 1 has a phase of 0, element 2 has a phagaddns and so
forth, up to element N, which has a phase(fl ). ‘The frequency of excitation is
assumed to be fi xed, weaenurhbers defined/as theequagtityn o,
k=2" / [8]. Lastly, in the faffield, the distance from the observation point to each
antenna is almost equal, so that the amplitude of the radiation received from each antenna
is equal. For mathematical simplicity, the ietn received from each element is

assumed to be 1.
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(N-1)d cosq

[ =

Antenna Antenna 2 Antenna l Antenna 0
(N-1)

Figure2.2: N-element linear antenna arrayAnnotations in blue)

Given these conditions, one can derive the overall antenna pattern as a function of
observation angled. The total received Held is the sum of the Hields received from
each individual element.
Oyv= Q (1.4)

£=1

The distance from each antenna to the observation point is:

I =1+ (¢ 1)Q¢cos— (1.5)

The received Hield from each component is:
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Q=0 QG+ & 18 = ' @ #Q N& 1 Mcos—% (1.6)
Plugging(1.6) into (1.4) and simplifying, we get:

.0

o 0 1 SIN—5—

. . N 2

Oyv=Q Q0+ g
sinr—2 .7

[ = "(Mcos—+ %o

If one ignores the complex phase shift due to the first ter(d.), the result is
termed thearray factor (AF) of the antenna and describes how the magnitude of the
radiation pattern varies based on the observation afiglée array factor is:

.0
SIn 7|—

00= (1.8)

.1
sin 5[
wherey is as definedn (1.7). An example of an array pattesiplotted inFigure2.3. In

this exampleN=16 antennae angsed with a spacingl, equal toa/4;! is set to O radians,

sof = s ufi—
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Figure2.3: Radiatian pattern of linear 16element array,z =0

The array factor is one of two parameters of an antenna array that determines its
overall radiation pattern, and hence its directivity and antenna gain. The other factor is
called theelement factolor EF), and ighe radiation pattern of the individual antenna
element used to compose the array. In the linear array mentioned above, the individual
antenna are assumed to be 0dBi isotropic radiators. In fact, any antenna type could be
used in an array; if a nesotrgoic antenna is used, then the overall array radiation pattern
is merely a product of the array factor and the element fggjtor

There are two important conclusions to be taken from eqation) and (1.8).

The first is that the array pattern is electrically programmable through the choice of the

progressive phase, In fact, the direction of maximum radiation can be set bgremfg
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the condition thay=0. This leads to the condition th&, I  Mgcos— s, , where
dmax is the desired angle of maximum radiatiandt o is the optimal choice for the
progressive phasing betweantennaeFor exampleFigure2.4 shows an antenna pattern

wheret issetto”" / 4 dasda/ 4 and N=16.

90

20

180

270

Figure2.4: Radiation pattern of linear 1&lement array,?2 = K n

As expected, the peak ditévity is achieved atd = +"/6, or 60° Also, a second
directivity peak is achieved at= -"/6, as this is also a solution to the condition stated
above. The second important conclusion is that the array factor is limited by the number
of antenna usednlfact, solving forAFa«in equation(1.8) yields that the maximum AF
achievable isN. Since the array factor is one of two factors that determine antenna gain,

the directivity of an array can be increasadone of two ways: either the number of
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antennas comprising the array can be increased or the directivity of the individual
antenna elements can be increased. The second approach is of limited practicality, as a
highly directive antenna element is, by défon, a fixed directive antenna, so its
pointing direction cannot be easily modified. Therefore, highly directive antenna arrays
that require a reasonable level of control in its pointing angle are typically composed of a
large number of lowdirectionalty components. This places a practical limit on the
achievable antenna gain that can be implemented, as the complexitpl@fmentinga

large number antenna can be difficult. For discussions of techniques to achieve a 60GHz

directional antenna array inmeentional CMOS technology, sf4.

2.1.3 Performance of a Directional Antenna

The use of a directional antenna has two significant impacts on the overall
characteristics of a wireless link. First, as described in the previotisrsehe directivity
of an antenna (when properly aligned) gives additional gain to the signal over the
wireless link.Figure 2.5 and Figure 2.6 give a graphical explanation of the cause of the

increasd antenna gain.
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Figure2.5: Graphical depiction of energy transmitted using omnidirectional antenna

In Figure2.5, a wireless link is shown where both the receiver and the tittesm

use omnidirectional antennae. Since the transmitter radiates energy equally in all
directions, much of the transmitted energy is wasted and a relatively small fraction of the
transmitted power reaches the receiver. This can be contrasted to thersitukigure

2.6, where a directional transmit antenna is used. When properly aligned, the transmit
antenna radiates a larger fraction of its total energy in the direction of the receive antenna,
thereby increasing the total egg transmitted across the wireless link. The gain in
received signal energy is exactly the directivity gain discussed in the previous section.

Captured energy

aste erﬁ{g‘yf{ % //v,/' : ZT

:‘ﬁ II\\\\A‘\A

Figure2.6: Graphical depiction of energy transmitted usingrdctional antenna
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Figure2.7: Graphical depiction of channel multipath using omnidirectional antenna

The use of a directional antenna also has significant impact on the nature and
severity of the channel ritipath. Multipath is caused the by reflection of the transmitted
energy of off various objects in the vicinity of the wireless link; in indoor channel,
reflections may be caused by walls, surfaces such as tables, floors, or ceilings, and
various clutter n the local environment. In the graphical depiction Fofure 2.7,
omnidirectional antenna are used; the channel has significant multipath due to the strong
reflections off of objects near the transmitter or receierFigure 2.8, a directional
antenna is used for the transmitter. The directiona&ravat limits the spatial extent of the
signal to the desired path. The same reflections occur as in the previous case, but now
more energy istransmitted in the desired path and less energy in these unwanted

reflective paths. As a result, the extent of the multipath can be significantly reduced.



CHAPTER2. THE 60GHz COMNUNICATIONS CHANNEL 20

D lh@®) 4 LOS amplified,
/ N Aections suppressed

F——1 :
L

Figure2.8: Graphical depiction of channel multiggh using directional antenna
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Measurements at HP Lalkl] confirm this behaviorFigure 2.9 shows a sample
indoor channel impulse response with a omnidirectional RX antennaf-igack 2.10
shows the sample impulse response when an RX antenna with moderate directionality
(90° HPBW) is used. Comparison of the two plots shows that the LOS path (at about 9ns)
is amplified by roughly 8l0dB and the multipath reflections (&8 and 22ns) are

suppressed by over 15dB.

-60

Power (dBm)
%
o

20 30 40 50 60
Excess Delay (ns)

Figure2.9: Measured channel impulse response with omni RX antenna (fia)
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Figure2.10: Measured channel response with 90° HPBW RX antenna (ftdk}

Several studies have been conducted on the effect of antenna directivity on 60GHz
indoor channel multipath. The results of these studieswaremarized in sectioB.3. Of
note is the fact that moderately directive antercan have a very significant impact on
reducing the channel multipafhO], [12], [11], [13]. Therefore, when directive antennae
are used, complex techniques for combating multfpatinch as OFDM might no
longer be necessary. This opens up the system design to taleeag@proaches that can
enable high dateate systems to be built without requiring the haghrformance RF

components that OFDM systems typically require.

2.2 Key Characteristics of the 60GHz Channel

The 60GHz channdias some unique characteristics thifter significantly from
the characteristicef communications channels in the l&Hz regime. Some of these
differences stem from basic electromagnetic or material properties (e.g. oxygen
absorption) whereas some of these differences are caused by exf&wtsis such as

regulatory issuesr practical issues regarding device form factor.
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2.2.1 Reduced Performance of CMOS mm-wave Components

In order to enable widespread adoption of 60GHz wireless communications, the
transceivers must be fabricated in a dow@st, highly integrable technology such as
CMOS. While 60GHz radios have been demonstrated in other technologies such as SiGe
[14] andGaAs HBT[15], the goal of the research at the BWR&S been to demonstrate
a 60GHz radio entirely in CMOS. Due to the lower electron mobility in silicon, however,
CMOS suffers a performance penalty at microwave frequencies when compared to these
other semiconductor materials operating at 60GHz or whenpawd to CMOS
operating in the lowsHz regime. Also, the lower breakdown voltage of deep submicron
CMOS limits the power handling capabilities the devices; therefore, microwave CMOS
power amplifiers ( PAOG s ) Talllea2l eeompaeesl tegoded o ut [
performance metrics of some key transceiver components for three different cases:
CMOS operating at 60GHz, SiGe operating at 60GHz, and CMOS operating at 2.4GHz.
The results indicate that the RF components available at 60GEXIOS do not match
those in SiGe; nor does CMOS performance easily scale from th&Hzwegime up to
60GHz. While continued scaling of CMOS technology will likely enable higher
performance 60GHz components, the system design needs to take into d@beount
limited performance of the currently available components. The increased noise figure of
the LNA will limit the SNR at the receiver; the limited power handling capability of the
PA will limit the received power and may also increase the nonlineartthstareated at
the transmitter; the extra phase noise from the VCO can create reciprocal mixing or cause

symbol jitter that will impact receiver sensitivity.
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Component| Specification | CMOS @ 60GH SiGe@ 60-77GHz| CMOS @ -BGHZ
LNA Noise Figure | 8.8dB [16] 5.7dB[17] 4dB[18]
Gain 12dB 23dB N/A
VCO Phase noise | -85dBc/Hz @ -95dBc/Hz @ -116dBc/Hz @
1MHZz[19] 1MHz [20] 1MHz[21]
1dB +9dBm[22] +14.5dBm[23] +24.5dBn24]
PA compresgon
Poweradded | 8.8% 12.8% 31%
efficiency
Table2.1: Comparison of reported performance of key transceiver components

The focus of the work presented in this dissertationhes baseband system
architecture and circuit design, so the poor performance of CMOS at 60GHz does not
directly impact the circuits presented herein. However, the system and baseband
architecture of a 60GHz receiver must be robust under these limited pectarmance
constraints. Therefore, a key challenge that this research addresses in 8hapter
determining the techniques and approaches to implementing a verpdrighmance

wireless link with limited performance RF coonents.

2.2.2 Oxygen Absorption and Material Penetration

It is known that oxygen molecules interact with microwaffrequenciesetween
approximately 50GHz and BMHz [25]. As a result, atmospheric oxygembsorbs
microwave radiation inhe 60GHz band, resulting in excess attenuation of the transmitted
signal by as much as 15dB/kahsea level26]. Since this attenuation is in addition to the
Friis path lossdiscussed in sectior2.2.3 oxygen absorption severely limits the
applicability of 60GHz communications taanylong-range applicationddowever, for

indoor, shorrange applications such as WLAN or peiotpoint media streaming, the,O
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absorption issue has little significan€é®r instance, a 100m transmit distance would only
suffer from only 1.5dB of @ absorption; however, the Friis path loss equafsee
equation(1.9)] predicts a path loss of 108dB over a similar distassuming 0dB
antenna gain

It is interesting to note that th@, absorption issue has actually been embraced by
some applicationdn high-data rateapplications whera low probability of intercept is
required,0, absorptioncan help prevent the signal eggfrom propagatingignificantly
beyond the desired receiver, preventing other unwanted receivers from receiving the
signal.An example of this is satelli®-satellite communications: as the concentration of
oxygen rapidly decreases with altitude abmealevel, the signal attenuation due to
oxygen absorption in the satellite-satellite link is negligibly small. Howevethe signal
energy would be drastically attenuated agprvpagatedt hr ough eart hos
towards sea level; as a result, edréised eavesdropping on these satellite links would be
extremely difficult.

Of more significance to indoor communications are the transmissivity and
reflectivity of common indoor building materials with respect to 60GHz radiation. As
will be discussed in nre depth in section2.3.1 certain building materials are
significantly more opaque to 60GHz radiation than to signals at lower frequencies
Measurement campaigns comparing the material transmyssiv 60GHz to that of
2.5GHz [27], 1.7GHz[28], and 5.85GHZ29]all show that many common building
materials have higher penetration loss and lower reflectivity at 60GHz than at these lower

frequerties.
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As a result of the poor material transmission at 60Q#éetitions in an indoor
environment act asolative boundaries between neighboring areas in a single building.
As an example[30] has determined that the materatenuation through a standard
wood door would be mordman16dB. Similarly, measurements conducted at the BWRC,
showed that typical interior wall and flooring constructions can block 60GHz attenuation
by as much as 24dHherefore, partitions in indootractures,such as walls and floors,
preventappreciable signal energy frgmnopagatingrom one room to adjacent rooms.

The implications of these findings atéreefold First, unlike lowfrequency
WLAN systems such as 802.11a/b/g/n, a 60GHz wirelessmyis not weklsuited to the
typical residentialdeployment model, where a single basestation is used to serve many
mobile clients scattered throughout the house. The attenuation suffered at 60GHz by
propagatinghrough one (or more) interior walds floors is likely to add too much path
loss to make highandwidthcommunications feasibleA corporate setting, however,
would be more conducive to a 60GHZ WLAN deployment, as a cailiagnted
basestation could serve several mobile clients without suffelong material penetration
i ssues, provided that the internal structu
than several distinct office rooms.

A second consequence of the poor material penetration at 6@@Hz=rollary of
the first: sincewalls and floors prevent signal energy from spilling out of one room into
the next, each room naturally becomes its own microcell. Furthernsorege the
structural partitions isolate the adjacent cells from one another, frequency reuse can be

aggressively xploited. In other words, each cell can utilize a large fraction (or perhaps
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the entirety) of the 7GHz of available spectrum without worrying about intercellular
interferenceAs a result, typical concerns of spectrum efficiency are mitigated, since the
opportunities for frequency reuse are significant.

Lastly, the poor material penetration of 60GHz radiation has an effect on the nature
of the multipath present in the indoor chaniébst notably, even with omnidirectional
antennae, the delay spread of 6@GHdoor channels tends to be smaller than that of
lower frequency channels. The path length of multipath reflections are necessarily shorter
at 60GHz, since the reflections of sufficient energy can only come franom objects
[27], [31], [32]. In [31], the delay spread of several different interior structures were
measured at both 1.7GHz and 60GHz. In all cases, the delay spread mat60(&Hz

was between two to four times smaller than that measured at 1.7GHz.

2.2.3 Path Loss and Antenna Directionality

The Friis path loss equation describes the-§mace path loss incurred by an
electremagnetic wave as propagatesrom a transmitter to aeceiver. The Friis path

loss equation is:

Oyey _ Oy Q03 _ OyQp?
Oy @ 4°Q2 4°°Q2

0= (2.9
wherePrx andPrx are the power at the transmitter and recei@eis the antenna gairf,
is thecarrierfrequencya i s t he c ardisithe propagatieredistanciipte h ,

that the convention udehere defines as the ratio of the power received to the power
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transmitted. Hencd, is by definition less than or equal to 1 and a smaller value of
indicatesa larger amount of path loss.

The Friis path loss equation can be viewed as a power fluatieq; the total
power exiting a sphere (or any other thdémensional shape) is independent of the size
or position of the sphere but instead must be equal to the total power being radiated by
transmitters within that sphere. Therefore, it comes asirise that the frespace path
loss increases with the square of the propagation distance. Furthermore, it can be shown

that the antenna gai, is proportional to the antenna ar@aasfollows:

"8 (1.10)

5
2
The power flux argument becomes clear if it is assumed that the transmitter is an
omnidirectional source (i.€51x=1) and the expression fro(t.10) is used forGgx. The

path loss equation becomes:

Oy
44°Q 2

(1.12)

where Agx is the area of the receive antenmajuation(1.11) shows that the power
captured by the receiver is proportional to the surface area of the sphere subtended by
receiver antenna; hence the pofex argument becomes obvious.

The Friis equation as shown (1.9) has led many to conclude that the path loss
irrevocably gets worse as the carrier frequemxyeased33], [34]. In fact, a direct

application of the Friis eqtian can lead to the conclusion that a 60GHz communications
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channel has 22dB more loss than an otherwise identical 5GHz communications channel.
This conclusion is somewhat misleading, however, as the additional path loss incurred at
higher frequencies isotdue tosome fundamental effect, but is primardyconsequence

of the assumption that antenna gain is a fixed constant independent of frequency.
(Typically it is assumed to be 0dB for the case of an omnidirectional artehsa
indicated by equatio(il.10), the area of an antenoé a fixed gain scales inversely with
frequency.Thus, by the power flux argument of theecedingparagraphsan antenna of

fixed gainwill be physicallysmaller at higher frequeres and will thus capture a smaller
fraction of the total radiated power.

The antenna gain, however, is not constrained to be a fixed constant or somehow
limited by some a priori fundamental constraint. A more likely constraint is the overall
size of theantenna aperture, as physical parameters, such as the size of the wireless
device, places an uppbound on the overall area than be devoted to the anterj@8].

If it is assumed that the antenna ar&afor a given deviceas fixed, the Friis equation

takes the following form:

0v0ve

" Zaar

1.12
whereAry is the area of the transmit antenNaw it seems s if the path loss gets more
benign as frequency increases, in direct contradiction of equdt®n From this, one
might conclude that the use of higher carrier frequencyhagtterantennagain provides

a potentially unlimited benefitin the example comparison between a 60GHz system and

a 5GHz system, it now appears that the 60GHz system could achieve an improvement in
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channel gain (and hence, SNR) of 22dBi¥fortunately, suclan optimistic scenaris na

the caseeither, since an antenna is a passive device, increasing the gain of an antenna can
only be achieved by increasing its directionaliys was discussed in sectio.l,
directionality can provide many benefits to vié®s communicatiodsincluding the
increased antenna gain described &drat it also presentsseveral significant
implementation challengedn particular, the system complexity required to properly
produce and align a directional array pattern grows sogmfly as the antenna gain is
increased.

Therefore, it remain® be determined what kind of antenna is suitable for a 60GHz
system. The benefit of an omnidirectional antenna is the simplicity of this approach: no
additional hardware is necessary in ordercreate a directional, higiain antenna
pattern, and no scheme to align the pattern is required either. However, the increased path
loss suffered at high frequency with an omnidirectional antenna would limit the capacity
of the wireless link. An uppdround of the channel capacity candmproximatedising
the Shannon capacity calculation for an AWGN channel. The Shannon capacity limit
gives the maximum theoretical ernfoee capacity that can achieved through a channel

using arbitrarily complex codingcheme$36]. The Shannon capacity is:

. a Uy
6=00®log, 1+
dm U,

(1.13)
whereC is the channel capacity in bits/s@&Vis the chanel bandwidth is Hz, anl is

the inputreferred noise level at the receiverin W/Hz. In the case of 60GHz
communications, the bandwidth is sufficiently large such that it can be approximated as

infinite. Given that approximation, equati¢h13) simplifies to:
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Uvey

im 6= 144
6wO Hb Uo

(1.14)
Equation(1.14) can beused to as an uppbound to determine the theoretically
maximum capacity that can be achievedn@re conservativapproximation of channel
capacity can be based on the observationabatmonmodulation scheme® (g.BPSK,
QPSK, and MSK) require a minumn receiverSNR in order to ged reasonable uncoded
error rate. For these modulations schemes, in order to get an uncoded BER on the order
of 102, an SNR at receiver of roughly 7dB is required.
Using the Shannon capacity limit or the 7dB SNR requirentlkatcapacity of an
omnidirectional 60GHz link as a function of transmit power can be deterntingae
2.11 shows such a plot for sansmit distance of 10m and 20m. In this plot, it is assumed
that the receiver has an overatlise figure of 10dB, and there are 10dB of losses from
miscellaneous sources such as shadowing loss, board losses, and implementation loss.
According to the Shannon capacity limit, the transmitter would require 23dBm (200mW)
transmit power to achieve a @ity of 1Gbps at 10m; according to the more realistic
7dB SNR criterion, the transmitter would have to output 30dBm (1W) of power to
achieve this capacityAs shown insection2.2.1, 60GHz power amplifiers with these
power leels are simply unrealizable in commercially available CMOS technologies.
Therefore, in order to realize a 10m, Gbps link at 60GHe, path loss dictates that

directional antennae are a requirement.
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Figure2.11: Link capacity vairansmit power for omnidirectional antenna

2.2.4 Feasibility of a High Directionality Antenna

The previous sectieandemonstratéhat theincreasedoath loss ab0GHz and the
limited performance of 60GHz CMOS circuits necessitate the fudieeational antennae.
Luckily, at 60GHz the use of directional antennae becomes much more pricicat
lower frequenciesAs discussed in sectioh2.3 the area required for an antenna of a
particular gain is inverselyproportionalto the square of the carrier frequency. For
instance, a rectangular aperture antenna $2ttB directivity could be synthesized in a
5mm x 5mm area at 60GHz, whereas a similar antenna at 2GHz would be 16.8cm on a

side[8]. Therefore, for small forafiactor mobile devices where PC board real estate is at
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a premium, operating at 60GHz allows for the use of directional antennae that would be

prohibitively large at lower frequencies.

2.2.5 Regulatory Issues and Spectral Efficiency

In 1995, the FCC allocated the spectrum from 59GHz to 64GHz as an unlicensed,
band[3]. Shortly thereafter, the FCC amended their rules to extend this unlicensed band
to 57-64GHz, thus providing 7GHz of unlicensegkestrum for general purposese([4].
Furthermore, regulatory bodies across the globe have also set asid&iRmiltiocks of
spectrum at 60GHz for unlicensed use; Japan has allocat®8G39z as an unlicensed
band and Europe haasllocated 566GHz. (SeeFigure 2.12 for the allocation of

unlicensed spectrum in various workdde regions.)

« Oxygen Absorption Band |
!
Japan |Radar Unlicensed
Europe Mobile (no specific rec.)
U.S. Unlicensed

1
56 57 58 59 60 61 62 63 64 65 66
Frequency [GHZz]

Figure2.12: Worldwide allocation ofunlicensedspectrum around 60GE
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The presence of a true muHz worldwide band has sparked immense
commercial interest in developing 60GHz communications links. Commercial issues
aside, the availability of such a large bandwidth at 60GHz also has some profound
technical implications @ well. With such a wide bandwidth available for
communications, bandwidth scarcity is no longer an issue, and spectral efficiency is no
longer a parameter of utmost importance. Therefore, the system is free to explore
schemes that trael#f circuit or sysem complexity for spectral efficiency.

In sharp contrast, the evolution of the 802.11 standard from .11b to .11a/g to .11n
was driven primarily by the desired to dcr
channel bandwidth. As the standard evolved,sectral efficiency went from roughly
0.5b/sec/Hz for 802.11b to upwards of 10b/sec/Hz for some draft .11n proposals. With
this increase in spectral efficiency, however, comes a dramatic increase in the
specifications of the analog and RF components. Wigher spectral efficiency, higher
SNROs are required, which in turn mandat es
figure on the LNA must be reduced; the phase noise of the oscillator must be improved;
and the linearity of all the compone@tsost notaly the power amplifiesd must be
dramatically improved.

However, as discussed $ection2.2.1, the current state of 60GHz CMOS circuits
does not display the kind of performance necessary for a system with high spectral
efficiency. Therefore, designing a 60GHz system with low spectral efficiency becomes

not just a choice, butrecessity
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2.3 Literature Review of 60GHz Channel Studies

Recent interest in 60GHz communications has led to a number of studies of the
properties indoor 60GHchannel in an effort to both better understand the nature of the
60GHz channel and to characterize it is an accurate, yet compact, nmnetudies
published in literature fall into one bio categoriesmeasuremerbased campaigrand
simulation carpaigns based using rgacing tools Each technique has their own set of
advantages and complement the other. Measurebbased campaigns generatee
required physical data of 60GHz propagation, transmission, and reflection that form the
basis of any utkerstanding of the 60GHz channel. However, measurement campaigns are
laborintensive and as a result are limited in their scope and in the diversity of physical
environments measured. Simulatibased campaigns can build upon the measurement
campaigns by @plying the propagation and material properties discerned from these
earlier studies and quickly and easily applying them to a variety of physical environments
and room geometrieé\s will be discussed below, these studies indicate that the indoor
channelproperties are heavily dependent on room geometry and configuration, so a wide
variety of environments need to be simulatéd.mentioned above, channel simulations
generally have used optibased rajtracing tools to simulate the wave propagation and
gererate a deterministic channel model for a particular environf@®htOne limitation
for raytracing simulators is that they typically do not model diffusion, diffraction or
other scattering mechanisms; however, mstaglies of the 60GHz channel indicate that

the these scattering mechanisms typically do not occur in 60GHz indoor channels and
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that a raytraced simulation with only specular reflections will produce valid {zif§

[38], [39].

2.3.1 Material Properties

Many of the measurement studies characterize the reflectivity and transmissivity of
common indoor building materials. The transmissivity of a material is typically specified
as the transmission loss (in dB/cm) that 60GHz radiation incurs while propagating
through a given distance of that materidhe reflectivity of a material is typically
specifiedas theloss incurred by reflecting off the surface of that matefiable 2.2

below summarizes the material property measurememt$satmeasurement campaigns.

Rd [37] Ref[11] | Ref[30] | Ref[27] | Ref[38]

Material Trans Refl | Refl Trans Trans | Trans

(dB/cm) (dB) | (dB) (dB/cm) (dB/cm) | (dB/cm)
Concrete >6| 6.5 N/A 6.67 N/A 6.7
Plasterboard 2| 55 14.8 1.5 2.4 N/A
Wood 6.3 18 14 4.2 N/A 4.2
Chipboard N/A| NA N/A 5.15 N/A 51
Acrylicglass 42| 55 7.3 1.03 N/A N/A
Glass 5.1 12 N/A 5.05 11.3 6.03
Wire-mesh glass >14 3 N/A N/A 31 N/A
Office whiteboard N/A | N/A N/A N/A 5 N/A

Table2.2: Transmissin and reflecton lossof common building materials at 60GHz

A few conclusions can be reached by looking at the table above. First, material
transmission at 60GHz oor, particularly through exterior structural elements such as
concrete and wood. Therefore, 60GHz comioations is not suitable for shadnge
building-to-building links where LOS is not guarantedtizen in indoor environments

with most building materials of typical thickness, rotmrroom isolation is usually
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greater than 20dB30]. Therefore, 60GHz links seem most suitable to singben
environment, and a microcellular approach utilizing a high degree of frequency reuse is
realizable.

Additionally, norrmetallic building materials tend to be poor reflectors of incident
60GHzradiation. With the exception of wimesh glass and tiles, all of the 32 materials
tested in[37] had a reflection loss greater than 5dB, with typical losses exceeding 10dB.
As a result, the amplitude of most multipath reflecsian 60GHz channelwiill be
relatively small.For example, the extensive measurementd 2j conclude thain the
absence of strong reflectors, Aithe reflect
the LOS c¢ @miarynire [B81], thé delay spread of several different interior
structures were measured at both 1.7GHz and 60GHz. In all cases, the delay spread
measured at 60GHz was between two to four times smaller than that measured at
1.7GHz.Additional measurements of 60GHz indoor channel properties are discussed in

the next section.

2.3.2 Channel Properties

The aim of the measurement and simulation campaigns summarized here was to
extract meaningful properties of the 60GHz channel. Whiteakact metric extracted
differed from study to study, the metrics can roeghly grouped into the following
categories:

1 Temporal characterization of channel multipatht A variety of metrics

were extracted to determine the temporal characteristics of tweneh
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multipath. Some metrics included RMS delay spredd], [38], [40], [12]
[41]) Rician kfactar ( [40], [10], [11]) and 90%settlingtime ( [11]).

1 Spatial characterization of channel multipath Some of the sidies
characterized the spatial nature of the 60GHz channel multipath.
instance, [12] conducted extensive spatial measurement using highly
directional antenna to extract angle of arrival informati@ther studies
( [10], [11], [13], [42], [43]) measured the impact of antenna directivity,
alignment, and polazation on the temporgbropertiesof the multipath
channel.

1 Path loss Most studies conducted a set of locatsmecific path loss
measurements. For instan¢@?] reported the path loss as a function of
distance in an interiocorridor. This is the simplest metric extracted, and
while it provides the least level of detail, the overall path loss in an indoor

environment is of crucial importance.

2.3.2.1RMS delay spread and Rician Kwith Omnidirectional Antennae

The two most relevant igporal metrics of the 60GHz multipath channel are RMS
delay spread and Ricianfctor. The RMS delay spredd, is a powemweighted measure

of the temporal duration of the multipath reflections and is defined as follows:
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BQQ:l TfQ G 20%
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whereN is the number of multipath componeriisis the arrival time of the kth multipath

ray, ax is the amplitude of the kth multipath ray, amnds powerweighted average arrival
time. High RMS delay spreads indicate channels whose multipath is significant ove
longer periods of time; hence, channels with Rvelative to the symbol period have less
intersymbol interference to contend with.

The Rician kfactor, K, is a ratio of the power in the dominant (LOS) signal path

versus the total power in all other rmipath components. Hendg, is defined as:

.- Gfnax
L Ga (119

A high K is indicative thamost of the received paw is contained in the dominant LOS

component; hence the eye diagrams of tighc hannel s are <c¢cl eaner
HigherKbs are desirable since they indicate
multipath.

Many studies have measured and analyzedikIS delay spread (RDS) of typical
indoor 60GHz channelg44] measured the delay spread in several typical indoor
environments with omnidirectional antenna and found that over all environments
(including both LOS and NLOS sittians), RDS fell within the range of 1BH0ns.
Furthermore, the RDS was a strong function of the physical environment; as expected,

rooms with highly reflective walls had much higher RDS than rooms with those with less
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reflective walltsurdgohalelx@ampil th @omdreet e an
measurements in the range of2% n s whereas a Acomputer ro
walls had an RDS between 40 and 50Fse campaign if45] expanded this study to
measure the imga of room size on RDS.The three rooms mentioned above were
considered nAsmall roomsao, each with di men:¢
room, with dimensions of 140 x 133 x 23, had a delay spread between 50 and 70ns. The
longer delay spread ofriger rooms is expected; since typical wall material is poorly
reflective at 60GHz, mul ti path components
dying out. Therefore, the multipath components in a larger room will have a later arrival
time with respecto those in a smaller room.

The raytracing campaign ij46] corroborates the results above. Omnidirectional
antenna weresedand the room size was roughly 80 x 32 ft. Delay spread was about 10
12ns with a transmit distance @0m and lineof-sight (LOS). Furthermore, the delay
spread was proportional to transmit distance; as the transmit distance was decreased to
2m, RDS decreased to abou#i2s. Once the LOS path was blocked, howesienulated
RDS increased to 480ns.The Rcian K-factor (RKF) was also simulated and was found
to decrease with increasing transmit distance; at 2m, K was rougtilydi® and a.Om
K was 68dB under LOS conditions

Williamson, et al conducted a similar raacing campaign of a typical office
environment in[10]. This study included the effect of office partitions causing blockage
to the LOSpath. Theomnidirectionaltransmitter was in a fixed location in the room, and

the omnidirectionalreceiver was locad at various points in the room. Including both
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LOS and NLOS configurations, the median delay spread was roughly 23ns and 90% of
locations has a delay spread of less than 27ine median Rician Kactorwas roughly
5dB and 90% of locations had &R of 1dB or better.

The authorater conducted a channel measurement campaign at Hewlett Packard
Laboratorieg11]. While the office environment under investigation was different from
that studied in his previous work, thesasured results were largely in line with those
from [10]. In this study, an omnidirectional RX antenna was pysed the TX antenna
had a 99 HPBW; also LOS was maintained for all measuremefite median delay
spre@ was 10ns and 90% of locations has a delay spread of less than 15ns. The median

Rician K-factor was roughly 4dB and 90% of locations had a RKF of 1dB or better.

2.3.2.2Channel Spatial Characteristics and the Impact of Antenna
Directivity on Delay Spread and Rian K

As discussed qualitatively in secti@l, directive antennae have to potential to
reduce channel path loss and to reduce channel multigatifucing path loss leads to
higher received power, and reducing channel multifestls tolower delays spread and
higherRician K. As with the studies presented in the previous section, the exact impact
of antenna directivity is a strong function of the physical environment under study, but

definite trends can be observed across &wathge of measurements.

! Note that these statistics indicatetth@% of the locations in the room has a delay spread between
23ns and 27ns.
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The Williamson report[10] mentioned abovealso performed the rayracing
simulations of the same office environment assuming directional antenna at the TX and
RX. With both antennahaving a60° HPBW (12 dBi), the median delay spread reduces
to roughly 6ns and 90% of locations have an RDS less than 13ns. Similarly, the median
Rician K is 18dB and 90% of locations have an RKF better than Adii@nna alignment
is shown to be important, but pided that the misalignment is less than 30% of the
HPBW, no performance degradation is noticeallemisalignment is equal to the
HPBW, then the delay spread will roughly douate Rician K will plummet by as much
as 1015dB. The measurements later caioted at HP Labg$11] corroborate these
simulation resultsagain, the office environments are different, and different antenna
configurations are used, but the results are largely in line. A setup where the TX antenna
is omnidirectional and the RX antenna has a 90° HPBW yields a median delay spread of
10ns, and 90% of the RDS values are below 15ns.

Smulders et gl13] also performed ragracing simulations with antennas of varying
direcivity. TX and RX antennas with0d, 3¢, and ®° (corresponding to 25dBi, 16dBi,
and 9dBi) were usedn LOS environmentsthe 7dBi configuration has an RDS of less
than 7ng and the 25dBi configuration has an RDS of less than. Hwmwever, 5°
misalignment othe 25dBi antenna can cause RDS to increase to roughly 10ns and can
cause a reduction in received power by as much as 25 to 30dB.

Xu, Rappaport, et 4lL2] conducted an extensive study of the spatial characteristics
of the 60GH indoor channel ira typical office/university environment. Theysed a

highly directional RX antenna and, at each location measured, rotated the RX antenna in
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a complete circle and measured the channel properties at each rotation angle. They
performed tle measurement in botimtra-room and interoom scenarios in ordeto

extract LOS and NLOS characteristics, respectivéifpen the antenna were properly
aligned the RDS in all of theitOS and NLOSmeasurements ranged from 5ns to 20ns;
however, when alignent was not guaranteed, the RDS roughly doubMsb, they
defined aspatial peako-average ratio, where the peak power was defined as the
maximum power received during a particular spin measurement (i.e. at proper antenna
alignment), and the averagevper was defined as the average power received over all
rotation angles in that spin measuremdihie PAR reported for most measurements was

in the range of 12 to 14dB. This PAR metric can be viewed as the average amount of
available RX antenna gain thatiast if the RX antenna is improperly aligned. Therefore,

it becomes clear that antenna alignment is critical if the antenna gain is needed to

maximize the received power.

2.3.3 Summary of Literature Review

A few key pointsabout the 60GHz channean beculled from the wealth of data
available in the literatur@hey are summarized below:

1 Common building materials significantly attenuate 60GHz transmission
Many indoor building materials are relatively opaque to 60GHz signal radiation,
especially when compareda tlower frequenciesin the absence of a strong
reflective path, the @sa path lossincurred in NLOS environmentswould

significantly degrade the overall performance of the wireless link
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1 Common building materials are poor reflectorsat 60GHz With the exeption
of metallic objects, most other building materials do not reflect 60GHz radiation
very well. Also, the reflections tend to be specular in nature, rather than diffuse.
As a result, the multipath at 60GHz will be smaller than the multipath at lower
frequencies.

1 Configurations with omnidirectional antennae will require additional
techniques to mitigate multipath, even in LOS conditionsDelay spreadsvith
omnidirectional antennavere measuredn the range of 1%0ns in LOS
conditions.Rician K-factorsin the 1 to 5dB range would be commaithen
compared to the desired data rate of 1GB/s, the delay spread is big enough that
significant effortswould berequired to compensate the multipath. For instance,
an OFDM approach would require over 100 subcarreard an equalizer might
require over 100 taps.

1 Directional antenna can significantly decrease the channel multipath
Moderately directive antenndé to 12dBi)can reducehe delay spread below
10ns and maintain a Rician K above 10dB, even in some NL&®&sos Highly
directive antennae (16dBi and above) can further reduce the delay spread to 1 to
5ns range or below

91 Directive antenna rely upon proper alignment of beam pattern to be
effective Directive antennae can increase the received power dueartarnienna
gain. However, this benefit is lost if the antennae are not properly aligned. In fact,

misalignment can cause upwards of3B of additional path loss, which is well
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in excess of the benefit provided by the antenna gain. Also, the delay apread
Rician K degrade with misalignent, and aligment sensitivity increases with
antenna gain. A rule of thumb is that the pointing error must be less than 30% of

theHPBW in order to suffer minimal performance degradation.

2.4 Conclusions

In this chapter,ite 60GHz indoor channel was introduced, and key characteristics
were discussed. It was shown that thitively poor performance of CMOS at 60GHz
and the large amounts of path loss at this frequency makes high SNR wireless
communications very difficult. ie availability of several GHz of unlicensed bandwidth,
however, affords the system designer the opportunigydbitecta system that trades off
RF component performance for spectral efficientywas also demonstrated that the
large path loss at 60GHprevents the use of an omnidirectional antenna for Gb/s
communications; fortunately, directional antenna are small enough at 60GHz to be
realizable in small forafiactor portable devices.

A literature review of the 60GHz channel was presented. Measuremedts
simulations performed in these studies indicated that the use of a directional antenna
greatly suppressed the channel multipath in indoor settidgisly spreads of less than
10ns and Ri ci an Koés of greater t h aven 10d8B
antennae, and highly directive antennae could achieve delay spbbeéms 5ns
However, the efficacy of directive antennae were limited by two key factors in our

desired application: first, in order for the antenna to be electronically steerable, an
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adative arraycomposed of multitude oflow-directionality antennae must be used; in
order to keep implementation complexity relatively low, the array cannot be composed of
too many elements, hence limiting its maximum directiv@gcondly,the sensitivityto
antenna misalignment grows with increasing directivity; therefore, in the presence of
imperfect alignment, the benefit gained from using a directional antersudojected to
diminishing returns

A l6-element antenna array (in a 4x4 grid) presentsitatde candidate for the
desired applicationt achieves a maximum directivity of 12dBi, which will increase the
received power by 24dB when used on both transmitter and reckilies a HPBW of
75°, which represents a good compromise between multgpgbression and alignment
requirements. A discussion of the techniques to implement such an array in CMOS can

be found in9].
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3 System Design Considerations

In this chapter, the system issues related to the design of a baseband receiver
architecture are discussed. The chapter opens with a detdiggussion of the
performance limitations of miwave CMOS circuits and the impact of these limitations
on system performance and modulation choice. Several candidate modulation schemes
are then introduced in secti@r2, andthe tradeoffs between these schemes are discussed.
Simulations of these candidate schemes with nonidealvave circuit models is used to
directly compare the feasibility of each of these schemes, and it is found that Minimum
Shift Keying (MSK) is the mossuitable modulation scheme for this applicatidm.
section 3.3, different baseba architectures are considered, and a new rsigathl
receiver architecture is proposed. This architeci@apable of operating under indoor
multipath scenarios and uses mix@gnal equalization and carrier recovery in order to
minimize the dynamic range requiremek&y circuit blocks, thus lowering the overall
system complexity and power consumption of the entire receiMee architecture
proposed here is contingent upon robust digital synchronization and equalization
algorithms in order to properly function; sealgorithms ardantroducein section3.4,
and issues specific to a mixsaynal architecture are stiussedBased on the proposed
architecture, the system specifications are analyzed by means of -$ggtdm
simulations. The simulation model, results, and system specification is discussed in

section3.5.
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3.1 RF Circuit Limitations

As introduced in section2.2.1], CMOS circuits have reduced performance
capabilities at 60GHz, especially when comparedoteer frequency operation(See
Table 2.1.) The system design of a recaivaust take this limited performance into
account when targeting 1Gb/s system performance, as traditional architectures and
techniques might no longer be feasibibere are two circuit blocks whose performance
has been identified as critically limiting dimrs in 60GHz performance: the power
amplifier (PA) and the voltageontrolled oscillator (VCO)Performanceiinitations of

these two circuit blocks and their impact on system performance are discussed below.

3.1.1 Power Amplifier Linearity

The power amplifie(PA) is typically the final active component in a transmitter
and is typically directly connected to the transmit antenna or to a related passive transmit
devices (i.e. bandpass filter, transmit/receive switch, et al). As such, the PA sets the upper
limit for the amount of power that can be transmitted into the chafisaliscussed in
section2.2.3 due to the large path loss at 60GHz and the high throughput specifications
of this system, a significant amount of transmit powerequired from the transmitter
and, hence, the PAhis requirement is further complicated by the fact that the PA must
be able to outpuhese highpower levelsvithout significantly distorting the constellation
shape.Therefore, both the maximum powhandling capability and its linearitgre

crucialspecifications for a 60GHz PA.
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The linearity and power handling capabilities of a PA is typically specified by its
1dB compression point () and saturation power {. The saturation power is the
maximum output power that the PA is capable of deliverifibe 1dB compression point
is measured as the PA output power level at the point where thesignge gain is 1dB
less than its smallignal gain.Both these characteristics are examplesAM/AM
distortion; in the case of gain compression and output saturatltangesn the input
amplitude have a nonlinear effect on the output amplitude. In addition to AM/AM
modulation, PAs also exhibiAM/PM modulation where the phase of the output
waveform is nalinearly affected by the input amplitud&oth of these nonlinear
modulation mechanisms can be modeled in the manner described#4¢élow

Let the input signal to the PA be defined as follow:

WO =1 0cos] g0+ * (0 (2.2)
where r(t) is Hihe tshegnaadr reinewrel opequeency,
The output of the PA is then:

WO =01 0 cos] g0+ 0 +B (9 (2.2
Where the term A[r(}) models the nonlinear gain (AM/AM) behavior of the |Pad
a[r (t)] mod e-dlependert ghasehifh (AM/PN) bbahavior of the PA.

Prior research has developed models that capture the nonlinear and saturating
characteristics typical tsolid-state PAs. The Rapp moddi8] encapsulates AM/AM
distortionand saturating behavior in the follow model:

8li]= — 2

e 20 2§ 2.3
1+ w¢| n 2n ( )
Y o

a
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wherea is the PA smaibkignal gain,Rs4 is the output saturation amplitude, gnés an
integer. An example of the inpoutput relationship of the Rapp model is shown in
Figure3.1(a). Also, there are similar models for AM/PM distortiofrhe model proposed

by Salel47] is:

| @
51 =1s7 42

where U and b ar eFigpral)mseowsetypisal AMIPM wdistationP A .

(2.9

from the Saleh model.
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Figure3.1: (a) AM/AM distortion model and (b) AM/PM distortion model

As is generally expected with nonlinear amplifiers, the nonlinearity candigeal
by operating at lower power levels, (imovingto the lefton the curvesn Figure3.1).
However, as was discussed above, the 60GHz amplifier must be able to deliver high
output power levels, on the order of +10dBFherebre, the system design must devise

techniques that are robust to the nonlinear behavior exhibited by the PA. A careful
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inspection of the equations, however, yields another solution: it is important to note that
the nonlinearities in the PA are only exciteglamplitude fluctuations in the envelope of

the transmitted signal and not by fluctuations in the transmitted signal itself. Therefore, if
the amplitude fluctuations in the signal envelope can be kept sufficiently small, the
nonlinearities of the PA wilhot have significant impact on the overall PA behavior. The
AM/AM nonlinearity will only manifest itself as a reduced (but linear) PA gain and the
AM/PM distortion will cause an increased (but fixed) phase shift through tHe PA.

PA nonlinearity will haveseveral deleterious effects on the transmitted signal.
First, it will cause spectral regrowtivhere the carefully shaped transmit spectrum will
spill out into neighboring spectrumyiolating any predefined spectrum mask and
potentially causing interferee in adjacent channelghis is not a particularly important
issue at 60GHz, as the large amount of spectruaiablecan allow for significanguard
bandsto be allocated between adjacent channétsnever, this effect does point to a
potential problenwith intercarrier interference in a multicarrier system (i.e. OFDM). In
other words, each individual OFDM subcarrier will experience spectral regrowth, and the
distortion created by this phenomenon will spill over onto adjacent subcarriers.

Constellation varping, another detrimental effect of PA nonlinearity, will manifest
itself in both singlecarrier and multicarrier systems. The AM/AM distortion will

compress the signal constellation in a nonlinear fashion, and the AM/PM distortion will

! Strictly speaking, this is not entirely true. The nonlinearity of the PA will be excited by the oscillation in
the signal itself at the carrier frequency. However, for constavgélope modulation schemes the distortion
created by PA nonlinearity will only fall at harmonics of the carrier frequency and hence not impact system
performance.
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create an ampliledependent rotation. Both these effects will be more severe with
transmitted signals have higher pdalaverage ratios (PARs) in the transmitted
waveform, as these signal will exercise a wider range of the PA nonlinear transfer
function illustrated inFigure 3.1. As an example, a 6@AM signal with 4dB backoff

from the output saturation levid passed through the nonlinear PA describeligure

3.1. The ideal and corrupted constellations for this gdanare shown irrigure 3.2; as

can be observedeven with 4dB backoffsevere nonlinear constellation compression

occurs due to the saturating nature of the PA. Alssigaificant amplitudedependent

rotation can also be seenthre constellation.
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Figure3.2: Impact of nonlinear PA on QAM64 constellation
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3.1.2 Local Oscillator Phase Noise

A local oscillator (LO) is used in both the transmitter and receiver to perform the
required frequecy translation to and from the 60GHz carrier frequeAcyideal LO will
generate a singione at the desired frequency, but in actuality, a real LO will typically
also have phase noi&@mong other noidealities) in its output.

The phase noise of aefrunning oscillator(FRO) perturbed by white noise

sources can be expressed4$y:

flog 3Q = (2.5)

3'Q?
where of is the frequency offset from the
Equation(2.5) predicts infinite phase noise power at DC, which implies thatDC

phase error of thERO is unboundedWhile this is the case for BRO, most LOs use

some sort of phadeck mechanismg.g.a phasdock loop) to keep the loMrequency

phase noise boundedlso, communications links utilizing coherent detectiequire

some sort of carrier phase recovéGPR) scheme in order to drive the leinequency

phase noise to a suitably low levelThe combination of these two mechanism filters the

FRO phase noise by a secemrder filter whose poles are at the loop bandsdfthe

PLL andCPRblock Therefore, the phase noise seen at the detector is:

3'Q? 3'Q?
. )] v g~ ae OY v "g"“Y 9]
flooy 30 = —; ¢ﬁl ”;,?Qzﬁ ¢ﬁl '°;,‘Q2(~Y (2.6)
o b

& "o o6 ’géﬁ'vo:

where § p . and §, cprare the loop bandwidths of the PLL and CPR, respectively.
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Coincidentally, LO phase noise dedes the signal in ways quite similar to PA
nonlinearity Since the LO output is convolved with the incoming signal, the phase noise
skirts can cause spectral of the signal leakage into adjacent bands. Similarly, multicarrier
systems suffer increased suddapty to intercarrier interference caused by phase noise.

Also, LO phase noise can cause rotational constellation noise in bothcangés
and multicarrier syyems. Any phase noise that is maincelled by the PLL or CPR will
look like carrier phas error at the slicer. Since the uncancelled phase noise changes on a
symbotto-symbol basis, the resultant output constellation will appear to have phase
i j i tAnh exandple of the impact of phase noise on a signal constellation is shown in
Figure3.3. In this example, 6QAM is subjected t@° RMSphase noise, and the phase

jitter is easily observed.
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Figure3.3: Impact of VCO phase noise on QAM64 constellation
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3.2 Modulation Schemes

Given the dominant mm-wave circuit limitations discussed above, different

54

candidate modulation schemes can be qualitatively and quantitatively confparedch

of these modulation schemes, a simulation is performed where the signal is passed
through a no-ideal PA and LOmodelas discussed abovio other sources of noise or

distortion are consideredis the purpose of these simulations is to determine which

modulation scheme is most robust to the limited performance of CMOSvave

circuits. (Other factos, such as circuit thermal noise, channel multipath, or ADC
guantization erroare modeledin section3.5to get a more realistic estimate of actual

system performanceable 3.1 summarizes the paraters used for the PA and LO

models.

Power Amplifier

Local Oscillator

p 4 Phase noise | -85dBc/Hz
(from Rapp model) at 1MHz offset

Rsat +1.1dB fo,cPr 500kHz
(from Rapp model)

h 1.3 radians| foprL 1MHz

(from Saleh model)
j

(from Saleh model)

PA ouput power

At P1gs

Table3.1: Parameters for the nordeal circuit models used in simulation

3.2.1 QPSK

QPSK represents

rolloff filters are consideed, it encodes 2bits/symbol, so it has reasonable bandwidth
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to-average ratio (PAR) of a QPSK symbol is 3dB, so the PA will exhibit some
nonlinearity and signal compgen. QPSK has been shown to have moderate sensitivity
to phase noise, as it suffers a rougBi§B sensitivity loss in the presence I’ RMS
phasenoise[50].

A simulation of a QPSK constellation passing throaghonideal PA and LO is
shown inFigure3.4. Several key points can be observed: first, the gain compression from
the PA results in a smaller average amplitude than desired; none of the output symbols
have a magnitude equaling thad the ideal constellation points. This will be observed in
all the simulations, as one effect of using a nonlinear PA is reduced signal gain.
Rotational symbol jitter from LO phase noise can also be observed. Additionally there is
a slight rotational ti in the counterclockwise (positive phase) direction; this cannot be
caused by the phase noise, as the-pags filtering of the phase noise removes its DC
phase content. Instead, this is an artifact of thelmaar AM/PM distortion in the PA,
which imparts an increasingly positive phase shift to the signal as its magnitude
increasesLastly, some small amount of AM/AM distortion can be observed in the radial

spread of the fAconstellation cloudo.
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' | O Ideal
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Figure3.4: QPSK constellation with nonideal PA and VCO

The SNR of the output constellatiovas measured to be roughlydes As noted
earlier, this is before circuit thermal noise, quantization error, or other implementation
errors are consideredTherefore, themm-wave circuit nonidealities should not
significantly i mpact QPQ’BE[RdSNRacpade)i,uulymay o fun

limit its capability to function at more stringent bit error rates

3.2.2 Quadrature Amplitude Modulation

QAM s considered here lalgey as a fAstraw mano. At it

higher spectral efficiency at the price of high circuit performance requirements, which is
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in direct conflict with the previously discussed goals of 60GHz CMOS operation.
Therefore, as expected, QAM performanwill suffer significantly in the presence of
mm-wave circuit nonidealities.

16-QAM is used here as the example QAM schelinencodes 4 bits/symbol, but i
requires 12dB of SNR at the slicer to achievé BER, 5dB more than the other schemes
consideredhere. The PAR is roughly 5.5dB, so the linearity of the PA will be
significantly testedAlso, since the constellation symbols are much more closely spaced,
QAM is more sensitive to the rotational symbol jitter causetdO phase noise.

A simulation of al6-QAM constellation passing through a nonideal PA and LO is
shown inFigure 3.5. As expected, the output constellation is heavily distorted by the
circuit nonidealitiesLO phase noise and PA distortion are easy to obsémdezidual
constellation points can no longer be distinguished from one another, an indication of

unacceptably high BER.
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Figure3.5: QAM16 constellation with nonideal PA and VCO

3.2.3 OFDM

Multicarrier systems suclas OFDM have been successfully used in several
commercial wireless communications systems, such as &0ig/41 MBOA-UWB,
WiMax, and DVBT. The primary advantage of OFDM is its robustness to multifmth;
spreading the communication over many Jbandwidthsubcarriers, each subcarrier can
be made to look frequendiat, even in the presence of significant multipathe low
symbol rate enables the use of a guard interval, hence removing any intersymbol
interference and greatly easing channel equaliza#tdso, coding across subcarriers

enables the system to perform robustly in the presence of deep channel fades.
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The use of multiple subcarriers imposes significant performance constraints on the
mmwave circuitry.Iln the case of a 60GHz indoor beamformed adleatargeting 1Gbps,
more thar200 subcarriersrould be requiredavith a subcarrier spacing of no greater than
2.2MHz? The large number of subcarriers results in an OFDM signal that has a very high
PAR, because the PAR grows with the squard of the nurber of subcarriers if no
special techniques are employed. Even if PAR reduction techniques are used, the
resultant PAR for this system would likely bgreater 10dB. Therefore, the PA
nonlinearity would likely have a significant impact on the output wawvefdine PA
nonlinearity could be avoided by utilizing a sufficient amount of PA backoff, but the
backoff would cause less signal power to reach the receiver, impairing system
throughput.

Also, theperformance of an OFDM witbmall subcarrier spacing woutiggrade in
the presence dfO phase noiseAs shown in equatio(2.5), LO phase noise increases at
smaller offsets from the carrieTherefore, smaller subcarriers would suffer from
increased intercarrier inference cause by the LO phase noise.

A simulation of an OFDM signal constellation passing through our nonideal PA
and LO is shown irFigure 3.6. This example waveforrases QPSK subcarriers and is
constructed to hava PAR of rougly 10dB. Again, we can see that the nonideal /mm

wave circuits degrade the fidelity of the output waveform. While the individual

2 As discussed in chapter 2, RMS delay spread might be as large as 15ns. Therefore néle chan
i mpul se response can be expected to die down withirt
10% of the OFDM symbol time, then the symbol time is 450ns, corresponding to a 2.2MHz subcarrier
spacing. If QPSK is used and 1Gb/s is the ubghput target, then at least 500MHz total bandwidth is
required. Therefore, at least 225 (=500MHz/2.2MHz) subcarriers are required.
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constellation Acloudso are discernable
9.5dB. As mentioned previously, this wavefodoes not include any other noise or
distortion effect other than those from the PA and LO. Since QBPBBM requires an
SNR of 7dB to hit 18 BER in an ideal AWGN channel, the performance degradation
caused by the nonideal PA and LO are likely to liovigrall system performance mreal
implementatiorenvironmentTherefore, given the assumptions about the performance of
available mmwave CMOS componentd 6], an OFDM system would not be able to

meet the systerevel performance targets.

1

Figure3.6: OFDMconstellation with nonideal PA and VCO

t
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3.2.4 Minimum-Shift Keying

Minimum-Shift Keying (MSK) is a specific type of Frequenr8hift Keying (FSK)
where the modulation indek, isequalto 0.5.MSK modulation ensures both a constant
envelope and a continuous phase at symbol boundaries. The bandpass representation of

an MSK symbol is:

1 1
ivoO = cos 2" @+ 4— o Eé“ Q+—+, &Y 0 &£+17
: 1 (2.7)
£= 5 Q
T b
whered, is the data symbols (£1), T is the symbol periaa,da, isfithe accumulated

phase trajectory of all the past data symboétanslating the signal at carrier down to its
baseband equivalent, an MSK symbol takes the forf28). Figure 3.7 shows the
baseband equivalent af sample MSKwaveform.It can be seen that MSK looks very
much like staggered QPSK, but wigmusoidalpulse shapeg(t). Not surprisingly, MSK
exhibits the same power efficienag QPSK, so it requires SNR of 7dBthe slicer to

maintain a 10 BER.

H
(56 O = 0:"Q0 287Y TP Q0 28Y Y
s .y 2.8)
"00 = S|n27Y 0O o 2%

0, otherwise
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Figure3.7: Baseband equivalent of sample MSK waveform

The primary advantage of utilizing MSK is its property of constant envelope. Since
the information is encoded in the phase &meduency of the signal, rather than in its
amplitude, the PAR of an MSK signal is 0dB. Therefore, as mentioned in s8ctidn
the PA nonlinearity only results in a (slightly) reduced PA gain, but no signal distortion
occus® Furthermore, it has been shown that MSK is significantly more robust to phase
noise than QPSK. Whereas 1BMS phasenoiseresults in a 3dB sensitivity loss for

QPSK, the same phagswmise only leads to a 1dB sensitivity loss for MSER0].

Compared to QPSK, MSK does have slightly lower spectral efficiency, but this is not a

significant constraint in the 60GHz band.

% In reality, other circuits in the transmit patisuch as filters with a neconstant group del@ymay
increase the PAR ohe signal at the PA a little beyond 0dB. In that case, the nonlinearity of the PA will

cause constellation distortion. However, careful design of the other transmit path circuits can keep the PAR
low enough so that this secendder effect is negligible.
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Figure3.8: MSK constellation with nonideal PAd VCO

A simulation of an MSK signal constellation passing through our nonideal PA and
LO is shown inFigure3.8. As expected, the nonlinear PA only causes a slight reduction
in gain and the LO phase noise creates some spreadlitige constellation pointdhe
SNR of the output constellation was measured to be roughly 24dB. Therefore, the mm
wave <circuit nonideal ities should not sigr

BERs well below 16BER (SNR ¢ 5 14dB).
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3.2.5 Comparison

Table 3.2 summarizes the relevant characteristics of the different candidate
modulation schemeés expected, higlorder modulation schemes (i.e.-Q&M) are not
suitable for 60GHz implementation due to the stringent requirsmglaced on the
various mmwave components; the ABAM constellation is irrecoverably distorted by
the nonidealities in the PA and LOhe high peako-average ratio and tight subcarrier
spacing of OFDM also imposes difficult requirements on the-wave ©mponents;
after the inclusion of PA and LO nonidealities, the output signal is degraded to an SNR of
9.5dB, before other limitations like circuit noise are even considered. In contrast, an
MSK scheme is quite robust to the rwave circuit issues discuss@deviously. The
constant envelope property of MSK signaling makes in immune to PA nonlinearity, and
its signal structure makes it much less sensitive to phase noise than other modulation
schemesFurthermore, MSK has the same power efficiency as its QR8KOFDM
counterparts; therefore, no additional burden is placed on the noise requirements of the
receiver circuitsThe only significant downside of utilizing an MSK signaling scheme is
the hardwae complexity required to equalize the channel. Unlike OFEDMich uses an
efficient FFTFbased algorithm to manage channel multipath, an MSK scheme (and most
other singlecarrier schemes) requires a relatively inefficieme-domainequalizer.For
channels that have very long channel impulse responses, thénaxdveare required for
an equalizer can be prohibitively expensive; howeagrdiscussed in Chapter 2, the use
of directive antennae at 60GHz can reduce the channel multipath to levels that can be

reasonably handled with an equalizer in a shogleier sgtem.
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Single High-order Constant
Modulation carrier modulation OFDMQPSK| Envelope
QPSK (16:QAM) (MSK)
SNR., (BER=19) 7dB 12dB 7dB 7dB
PARy ~3dB ~5.5dB ~10dB 0dB
t 1 £ AYSE N fadernd)j QG High High Low
Sensitivity to Phase| Moderate High High (C) Low
Noise (Symbol Jitter)
SNR,, after RF 15dB Bad 9.5dB 24dB
nonidealities
Channel High High Moderate High
Equalization (Equalizer)]  (Equalizer) (FFT) (Equalizer)
Complexity

Table3.2: Comparison of modulation schemes

Therefore, MSK is deemed the most suitable modulation scheme for a 60GHz

1Gbps indoor wireless linkMSK provides a good compromise between -wave
performance requirements and baseband architecture complésstyes and challenges
with implementing the baseband architecture with minimum complexity and power

dissipation are discussed in the next section.

3.3 Baseband Architecture Considerations

The previous seittn compared several different candidate modulation schemes for
the 60GHz, 1Gbps indoor wireless link and settled upon MSK as the most suitable
scheme for an alCMOS implementation.This section discusses the functional
requirements of the MSKoaseband eeiver and discusses various implementation

tradeoffs in the baseband design.
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3.3.1 Performance Requirements of MSK Baseband Receiver

The primary goal of the MSK receiver is to detect and demodulate the received
MSK signal with a suitably low bigérror rate (BER The chosen design target is an
uncoded BER of 1 if this BER target is met, then a coding scheme can be added that
will reduce the BER to acceptable levels for wireless transmisaisecondary goal of
the receiver design is achieve this BER targgh a minimum received SNR. As
mentioned previously, MSK in an ideal AWGN channel requires 7dB SNR to achieve a
BER of 10°, representing lower bound for required SNR.

In order to be able to suitably detect the received signal, the receiver needs to be
appropriately configured in order to demodulate the incoming signal properly. A set of
tasks, referred to ithis work by the termsynchronizationmust be performed in order to
properly configure the receiver to its environment. These tasks includeofsstch as
symbol timing recoveryautomatic gain control (AGC)arrier phase and frequency
recovery, and channel response equalizati®ymbol timing recovery and AGC are
standard functions that must be incorporated into almost every digital comnaurscat
receiver in existence; carrier recovery is necessary because MSK requires coherent
detection in order to perform correctly without significantly sensitivity loss; as will be
discussed below, channel equalization is required because the multipathedbiser
indoor 60GHz channels ggnificant even with the use of directive antennae.

As discussed in Rapter 2, indoor 60GHz environmergsffer from multipath.
Directional antennae can help minimize the amount of multipath observed, but this

techniqueaone is not sufficient to create a receiver that is robustar@us indoor
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environments. The channel study conducted[d0] indicated that indoor environments
with 60° HPBW antennae exhibRMS delays spreads rangi from about 5ns to 15ns
and Rician K ranging from 15dB to 5dB, with the variation causeth&yocalphysical
environment.Figure 3.9 shows the performance of an ideal MSK receiver without an
equalizer ina variety of typicalndoor multipath environmen{40]. Each simulatiomlata
pointis the ensemble average of 20 Monte Carlo ruri0®0MSK symbols each. Each
Monte Carlo run has a randomly generated, {invariant channel impulse rgsnse with

the channel parameters as notederfect carrier phase recovery and timing
synchronization are assumgddls can be seen in this figure,
environment, the MSK receiver suffers2eB performance penaltat 10° BER levds
when an equalizer is not useAt more realistic channel response scenarios, the
performance degradation is quite sev&8eE R 6 40° cafinot be achieved, as tBER
error floor for {K=5dB, Trms=15ns} channels is roughly1®? an unacceptably high

level.



CHAPTERS3. SYSTEM DESIGN CONSIDERATIONS

10™ - T r
| == K=5dB, Trms=15.00 |
----------- —e— K=7dB, Trms=10.00 ||
v T —e— K=10dB, Trms=7.00 |
""""""" . e T — e e K=15dB, Trms=5.00
10 2| N e e
o b N NG
Ll e e R e e e e
[aa]
L e —
10'4 i i i l 1
6 8 10 12 14 16 18

The performance ofFigure 3.9 can be contrasted to the performance of an MSK
receiver with andeal equalizer, shown ifrigure 3.10. As before, perfect carrier phase
recovery and timing synchronization are assum@d. expected, there is a slight
performance penalty at channels with large amounts of multipath, but the SNR required
for 10° BER is stil roughly 9.25dB even in the most dispersive chann@lserefore, an

equalizer is required for the MSK receiver, as the performance penalty for not including

SNR (dB)

Figure3.9: BER vs. SNR for MSK without an equalizer

one is far too steep.
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Figure3.10: BER vs. SNBr MSK with an equalizer

In the previous simulations of MSK performance without and with an equalizer,
perfect carrier and timing synmnization were assumed. In reality, phase and timing
sync will have some residuatrors, which will impact the perforamce of the receiver.
Figure3.11 shows the performance of the MSK receiver in the presence of carrier phase
error; these simationrs assume a {K=5dB, Trms=15ns} channel and the presence of an
equalizer.lt can be observed thatete is minimal performance degradation for carrier

phase errors up to rghly 5°.
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Figure3.11: MSK performance in K=5dB, Trms=15ns channel with carrier phase error

10

T T T T T

——0.00 baud timing error | -
....... i ==6= 0,09 baud timing error |...
——0.10 baud timing error
—»—0.15 baud timing error
—&— (.20 baud timing error 3

BER
5

10

10° ‘

Figure3.12. MSK performance in K=5dB, Trms=15ns channel with symbol timing error
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Figure3.12 shows the performance of the MSK receiver in the same channel in the
presence of symbol timing offsé®erformance is surprisihgrobustto symbol timing
errors; a timing error of 0.1 baud (100psven a 1ns symbol peripdiegrades receiver
sensitivity by less than 0.5dB.

In summary, the baseband receiver must be capaldenoddulating andetecting
the received MSK signal with BER below 18. In order to make that goal achievable,
the receiver requirea set of synchronization functions to estimate and correct for
channel multipath, carrier phase/frequency offset, aydbel timing offset. These
synchronization blocks are used properly condition the received signal such that
detection can be performed with a minimal loss in receiver sensitivity. The next section

discusses candidate architectures for implementing the MSK baseband receiver.

3.3.2 Baseband Architecture Selection

As dscussed previously, the baseband receiver must be capable of synchronizing to
the received signal and then demodulating and detecting it. Since MSK isadew
modulation scheme and the desired throughput is 1Gbps, the resultant MSK symbol rate
is 1Gsyn/s. This high baud rate requires higfeed circuitry in order to process the
incoming signal. In particular, the converter circuitry (i.e. the anatogligital
converters) are required to run at some multiple of the symbol Satee highspeed
ADCs can dominate the overall power consumption of the baseband receiver, an
architecture that minimizes the performance requirements of the ADCs is required.
Therefore, techniques that can minimize the ADC resolution requirements or the

sampling rate requirementan significantly decrease the total power consumption of the
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baseband receiveHowever, these techniques cannot result in a significant receiver
performance loss. Also, any architecture employed must be adaptable and robust to the

varying channel contions that it might encounter.

3.3.2.1The Role of Synchronization in a Receiver

Before different candidate architectures can be considered, the concept of
synchronization must be expanded updie concept of synchronization wdisst
introduced insection3.3.1 1 n t his dissertation, the tern
refer to all the auxiliary tasks the receiver must perform in order to be able to correctly
demodulate and detect the incoming signal with optimal sensitivitgrebre, symbol
timing synchronization, carrier phase/frequency recovery, automatic gain control, and
channel equalization are al/l conslkodther ed A's
sake of clarity, this work subdivides the synchronization tasktimbtosubtasks, dubbed
Aesti mati ono aThel estiinatior subtask iinvalves. estimating the
synchronization parameter that needs to be accountetthéoestimation subtask operates
on the incoming signal to calculate its estimate, but it doedteottlae received signal in
any way. The correction subtask uses the estimate provided by the estimation subtask to
actually correct the received signal to properly synchronize the receiver.

An example or two can help illustrate this distinction. In a D&t estimation
subtask consists of the (typically LMS) adaptation routine that is used to estimate the
channel impulse responséhe correction subtaskould then correspond to the actual

signal processing that equalizes the received signal to removehdmmel multipath.
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Similarly, in an AGC block, the estimation subtask would consist of something akin to a
peak detector that would determine the appropriate gain required by the VGA, whereas
the correction subtask would correspond to thie grovided byhe VGA itself.

With this definition of synchronization in mind, different baseband architectures

can be considered.

3.3.2.2Sgnal Partitioning: Digital vs. Analog

The different types of architectures under consideration vary predominantly in
where the synchramation subtasks are performed. In particulaach architecture
contains a differenpartitioning of the required signal processing between the analog and
digital domainsIn short, there are 3 types of architectures under consideration, dubbed
Adi gimasédnal 60, and fAanal ogd architectures

the synchronization functions.

3.3.2.3i Mo s tilgyi ADzhitecture

Wh a 't is termesttydhgi eakhé ardhitecture is
that has become typical in madigital wireless receivers. As depicted Figure 3.13,
very little synchronization functionality is performed in the analog domain; instead, the
received signal is dowoonverted by the RF frorgnd and converted into the dajit
domain with minimal further analog processing aside from filtering and dgoih
synchronization subtas#sestimation and correctidnare performed in the digital

domain, prior to digital demodulation and detection.
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There are several wdlihown advantages to using this mosligital approach.
First, since much of the signal processing is performed in the digital domain, highly
flexible and robust digitahlgorithms can be employed for synchronization and detection.
The estimation subtask of the synchronization procedure can utilize maximum likelihood
algorithms to generatgighly accurateestimates of the synchronization parameters. Also,
digital signal pocessing does not suffer from circuit noise as analog circuits do, resulting
in high-fidelity signal processing.

However, a key downside of the mostly digital approach is the stringent
performance requirements that it typically places on the interfageitcyr, most notably
the analogo-digital converter.Since this architecture performs most of its signal
processing in the digital domain, the signal is not properly synchronized at the ADC
input. As a result, the ADC typically requires increased resm#nd oversamplingo
accommodate the increased dynamic range seen at the ADC kimpugxample, it is

entirely possible for a receiver to have andajital AGC loop that includes a digital
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VGA; however, this system will need a very high resolution AT order to
accommodate for the fact that the AGC loop does not gain up small signals seen at the
ADC input. Similarly, a fully digital DFE will require increased resolution in the ADC as
well; since the channel multipath has not yet been corrected ADGeinput, the ADC

will see have to convert a signal with an increased dynamic range, necessitating
additional ADC bits (seeFigure 3.16 on page79). As mentioned previously, the
increased ADC resalion requirements can have significant impact on the overall power

dissipation of the receiver.

3.3.2.4 i Mo s Anhlogo Architecture

At the other end of the spectrum from
A mo s anklyw archiecture, shown inFigure 3.14. In this architecture, both
synchronization subtasiisestimation and correctidnare performed in the analog
domain. Examples of this sort of architectures are common in some of the early all

analog gstems, such as FM and AM radiod some earlier analog cellular standards.
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A benefit to this approach is that the received signal is conditioned prior to
conversion by the ADC,; therefqrehe performance requirements of that block are
reduced, resulting in a significant power savings. However, there are several
disadvantages to this approach. The estimation subtask of synchronization is now
performed in the analog domain; as a resulty sithple analog structures can be used to
estimate the synchronization parametansl maximum likelihood algorithms could no
longer be employed~or example, an AGC loop would require an analog peak detector,
and carrier recovery would be performed withmgo of analog frequency locking
mechanism like a Costas loop. However, it is difficult to even envision an analog block
that could perform the channel response estimation that is necessary for channel
equalization Furthermore, since all the calculationsfpemed by the estimation blocks
are done in the analog domain, the parameter estimates are corrupiedibyoise.

I n contemporary digital wireless system:
used as the digital modulation techniques used indhgstems do not map well onto
Amostl y anal oHpweves, it is méntiored hetertoehighlight the benefits of

performing the correction subtask in the analog domain.

3.3.2.5Mixed-signal Architecture

A third candidate architecture is dubbadmnixed-sigral architecture because it
implements its synchronizatidanctions in a mix of analog and digital circuitffyigure
3.15). These systems have the estimation subtask implemented in the digital domain in

order to harness the prosesy power of digitalkestimation algorithms. However, these
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systems implement the correction subtask in dhalog domain in order tproperly

condition the received signal prior to quantization, thus minimizireg performance
requirements on the ADC%herefore, the mixedignal architecture achieves the benefits

of both the fAmostly digitalo and fAmostly
either systems weakness&bese types of architectures typically show up in {sgbed

systems such as diskive read channelfs1] or high-speed serial link receive[52],

where the large bandwidths required motivate the use of techniques that reduce the ADC

requirements.
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Figure3.15: Mixed-signal baseband architecture

Implementing a mixedignal architecture is not without its challenges, however.
As can be seen iRigure3.15, all the synchronization funonality must be implemented
using feedback loops. This is due to the fact that the estimate from the digital estimation
block must be fed back to control the analog correction block. The use of a feedback loop
in the synchronization functionality limit®se of the digital synchronization algorithms
that can be employed by the estimation block; in particular, algorithms that have a large

amount of latency to generate their estimate cannot be used since the excess latency can



CHAPTERS3. SYSTEM DESIGN CONSIDERATIONS 78

destabilize the feedback looplso, since there will by necessity be several different
synchronization loops present (i.e. timing, carrier phase, and channel equalization),
careful design must be used to ensure thatloops do not couple into one another,

increasing estimation errand potentially destabilizing one or more loops.

3.3.2.6Comparison of Digital and Mixed-signal Architectures

A cursory glance of contemporary wireless receivers will show that most
commer ci al recei-diegist alt o | aper aadimeskthn iffhactt.
grail so of radio system design is the noti.i
than an antenna and an AD@While these sorts of systems can offer a high degree of
flexibility, this flexibility comes at the price of increased circyierformance
requirements, as detailedtime previous section.

A qualitative comparison of a mostly digital architecture to a mbigdal
architecturecan be made by comparing a fully digiedualizerwith a mixedsignal
equalizer asshown inFigure 3.16 and Figure 3.17, respectively (For simplicity, these
examples assume the channel gain is 1.) In the fully digital B¥eEmultipath channel
increaseshe dynamic range of the receiveiginal, as shen in Figure 3.16. The ADC
directly quantizes this multipattorrupted signal, requiring increased resolution in the
ADC to accommodate the increased dynamic range. After quantization, the digital
equalizer removes the multipatbroponents, thus clearing up the eye diagram.

The mixedsignal DFE is shown iifrigure 3.17. As before, the multipath channel

increases the dynamic range of the received signal, but the analog equalizer removes the
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signal multipathbefore quantization. Therefore, the dynamic range of the input signal is
reduced in comparison to the digital scheme, and hence a lower resolution ADC can be
used.In both schemes, an estimation block in the digital domain provides the equalizer

with an eimate of the channel multipath.

Digital

S
|

Mc-r'dnfh

vd

Eye diag, RX input

Figure3.16: Signal levels with a digital equalizer

System level performance of these two candidate architectures can also be
compared on a quantitative basis. Receiveriges tests with the standard {K=5dB,
Trms=15ns} channel were perfor med, and the
digital o architectur e, t h ebitssofresoldion inrorlearui r e d
to have a minimal impact on receiver sewsy (Figure3.18). In comparison, a mixed

signal architecture required ADCs with onhp#ts of resolutionFigure3.19).
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Figure3.19: BER vs. ADC resolution for a mixgidnalarchitecture

A brief review of stateof-the-art 6bit ADCs with sampling speeds above 1Gs/s
indicates that a-6it 2Gs/s ADCwill likely consume more thaBOmW. (SeeTable 3.3)
Since coherent MSK detection requires a quadrataseland, two ADCs would be
required, representingové® O mW of power dissipation for
As will be demonstrated ichapter4, a 4bit 2Gs/s ADC can be implemented with
drastically lower power dissgtion. Also, as will be demonstrated in the next chapter, the
additional analog circuitry required to implement a miseghal receiver architecture is

relatively simple and consumes tens of milliwatts. Therefore, for this MSK receiver
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architecture, a mixesignal architecturéooks promising for a low overall system power

dissipation.
Ref | K (GHz)| # bits | Power | Projected power of
(mw) |H ' 5/ QaatN
2Gs/s (mW)
[53]] 1.0 6 55 220
[54] | 1.25 6 32 104
[55] | 3.5 6 98 112

Table3.3: Recently reported higkspeed (>1Gs/s)6-bit ADCs

A simplified block diagram of theoroposed receiver architecture is winoin
Figure 3.20, with the baseband section enclosed in the ge&yande. The signal is
downconverted from RF, and then after passing through filters and a VGA, the
guadrature signal is passed onto the proposed rsigedl baeband receiver
architectureA carrier phase rotator (CPR) is the first analog block that the signal passes
through; this block corrects for any phase or frequency offset between the transmit and
receive local oscillatorsAfter the CPR block, the signa passed onto the decision
feedback equalizer, which removes the multipath reflections from the input signal. Only
after these signal processing operations in the analog domain is the signal digitized by the
two 4-bit 4Gs/s ADCs. The output of the ADCsuised by the digital estimation blocks to
determine the estimate for the symbol timing, channel multipath, and -carrier
phase/frequency offset. These digital estimates are, in turn, fed back to the appropriate
analog correction block in order to approprateynchronize theeceived analogignal.
In addition, the digital output of the ADCs is passed onto the digital demodulation block

(not shown) for demodulation and detection.
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Figure3.20: Simplified blockdiagram of proposednixed-signalreceiver architecture

3.4 Synchronization Algorithms for Mixed-signal Receivers

The previous section discussed the functional requirements of the baseband
receiver and motivated the selection of a mis@phal architecture du® the fact that it
can achieve high fidelity synchronization and estimation using robust digital algorithms
while simultaneously achieving low system power consumption to the reduced
performance requirements on the analog interface circuitry (i.e. AD®$. section
discusses the digital synchronization algorithms required for implementing a-mixed
signal architectureln the previous section, perfect estimation of the synchronization
parameters was assumed as a precondition to the actual correctiomedrtoy the
mixed-signal blocks. In this sectiothe digital estimation algorithms required to generate

high accuracy estimates of the synchronization parameters are discussed.
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3.4.1 Feedback Synchronization Algorithms for Mixed-signal

Systems

A synchronizatin block can be implemented as eithde@dforwardor feedback
system, depending on whether the estimatio
input or output, respectivelfp6]. (SeeFigure 3.21) As discussed in sectid® 3.2 a
mixed-signal receiver architecture requires the use of feedback configurations. This is
because the estimator block requires digital input data, and the digitization step in a
mixed-signal architecture occurs after the correction of the synchronization parameter,
which occurs in the analog domaiitherefore, classical feedback theory can be used to

analyze and understantle feedback synchronization algorithms used in mbigdal

systems.
Parameter Parameter
—_— N . —_— .
Correction Carrection
Pa r.a rne.ter Fa r_a rne_ter
Estimation Estimation

Figure3.21: Feedforward (left) and feedback (right) estimation

A conceptual block diagram of a feedback synchronizer is showigire 3.22.
The uncorrected synchronizai parameter is represented by thput x. This term
could represent any of the synchronization parameters discussed previously, such as the
carrier phase, the symbol ti ming, or a sir

the correction block iso drive the outputxe, to zero by subtracting the estimate of the
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sync parameter from the input value. This parameter estimate is created by théoastimat
block; the estimation block, in turn, uses the output from the ADC to generate the
parameter estiate,®, thus completing the feedback lodfhe estimation block typically
consists of a noisy detector, which creatésvaSNR estimate of the residual pardere
error, %, and a filter, which bandlimits the detector output to create the final paramete
estimate. The filter typically has one or more poles at zero; as will be shown below, the
infinite DC gain of this filter is used to drive the DC value of thediessi error to zero.

Parameter Correction

Analog ADC ""KE

circuitry

Filter |

H{Z)d— Detector -IJ—

--lJ—.ﬁ.u}ciIIiarr,r input
|

Figure3.22: Simplified model of feedback synchronization loop

The detector also has an auxiliary input that it uses to create better estimate of the
synchronization parameter. In general, the type auxiliary input used further classifies the
synchronization algorithm into onef three typed56]: if the auxiliary input is fixed
pattern based upon a predetermined training sequence that is used to aid initial
synchronization, the synchronization is caldta-aided (DA); if the auxiliary input $

the sliced data decision from the detector (such as in the case of a DFE), the process is
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referred to aslecisiondirected(DD); and if no additional data is used, the algorithm is

callednondataaided(NDA) or blind.

H(s)

Figure3.23: Linearized model of feedback synchronization loop

A linearizedmodel of the feedback synchronization loop is presentdéigare
3.23. Here, the feedback loop is fully linearized in order to facilitatalysis, and noise
sources are added to indicate all the sources of noise: a noise;fésmsed to represent
the noise that is present at the input to the systgns; used to represent the additional
noise that is added by the analog circuitsl@iding the ADC) in the feedforward path of
the loop; andhy represents the noise added by the detector circuit within the estimation
block. To simplify the analysis, two assumptions are made: the first is that the filter in the
feedforward path of the ciudt is sufficiently wideband that it can be ignored; the second
assumption is that the digital filter in the estimation block, H(z), can be approximated by

ansdomain filter, HNj( s ) . Both these assumpt
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given that tle bandwidth of the loop is much smaller than the 1GHz bandwidth of the
analog circuits and the 2Gs/s clock rate of the digital backend.

Given these assumptions, the residual parameter ¥(s), can be expressed as:

. __Gol  Ool +0gi . "0 29
ol =1 “1vag) 0 e -

For firstorder systems, Njs) is typically set to an integrator with some uRggin

frequency (i . e J/s). Hdgr thifconditiory X¢(s) becomes:

S 1
Gni = Ogl +0ql +0g0 #—t+0gi g—t
1+_|—é 1+_|—é (210)

= Gl +0ol + 051 #adi)+ 0ol #urdi)

where Apgs) is a firstorderlow-pass filter and ApHS) is a firstorder highpass filter,
both with a 3 dWiththis égnulationcoytheddedback loop, one can
observe a basic tradeoff in the dreadergn of
to have a fastacquisition time and good tracking bandwidth, we desire the loop
b andwi,thbtbéelarge.However, to minimize the effect of the detector noise, the loop
bandwidth needs to be small. Finding the optimal value for the loop bandwidth then
becomes a systenengineering exercise, balancing the acquisition and tracking
requirements with the requirements on the estimation accuracy.

The performance of the detector within the estimation bt@ok be characterized
by examining its transfer functionfhe input to lhe estimation block is the residual
estimation error, & and the output is X% Since the input to the estimation block typically

is noisy or corrupted in some way and the modulation of the data signal is effectively
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random, it is more helpful to look at the expected value and variance of the detector

output.An example plot is shown iRigure3.24.

CPD output vs. Phase (SNR = 15dB)
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Figure 3.24: Sample detector output. (Top plot is expected value of the detector
output. Bottom plot is the standard deviation of the detéor output.)

A few desirable characteristics can be discerned from the plot abosg. it is
crucially important that the expected value of the detector output be zero when the input
residual error is zero. Otherwise, this offset will directly map tonegion error in the
loop. However, the transfer function need not be linear and the error of the estimator
output at large nemero inputs is largely inconsequentighis is due to the fact that the

estimator input is alwaydriven towards theicinity of zero during propeoperation; the
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synchronization error will only be large during initial acquisition, and during acquisition,
coarse errors in the detector output slow the acquisition process only slighdbnstant
slope to the detector output ahall inputs is still desirable in order to keep the loop
dynamics constant, howevehnother desirable chacteristic is for the detector to be
low-noise; this is manifested by an output with a small standard devidirennoise at
the output of the detemr can come from a variety of sources: noise in the input signal
may cause noise in the output signal. Errors in other parameter estimate may degrade the
quality of the estimate. Also, some detectors create noisy estimates themselves; in
particular, NDAbased algorithms that have no knowledge of the underlying data bits
transmitted typically require techniques that produce noisy estimates of the
synchronization parameter, everpierfect SNR scenarigs7].

Additionaly, there are some desirable characteristics for a detector that are not
immediately obvious from an inspectiohFigure3.24. In particular, it is very important
that the expected value of the detector output does not changécaigly under
different system operating conditions. For instaégure 3.25 shows the output of one
particular symbol timing error detectoiitiv varying received signal SNRAs shown in
the figure, as the input SNR reduc#s slope of the detector output also reduces; the
varying gain of the detector would cause an SNR dependent variation in the
synchronization loop dynamics, which could cause either instability or slow performance

under different conditions.
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Mean PD output vs. Timing Error
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Figure3.25: Symbol timing detector withundesirableSNRdependent gain

Even worse than the above example is a case where the detector for a particular
synchronization parameter is affected by the value of a differemd ggrameterFor
instance Figure 3.26(a) shows the output of a symbol timing detector in the presence of
varying amount of carrier phase offsAs can be seen, the gain of this symbol timing
detector is dependent on the carpbase offsetthe carrier phasdependent gain of the
detector would cause the dynamics of the symbol timing loop to be dependent on the
carrier phase as well, which would likely cause instabikygure 3.26(b) shows the
outpu of another symbol timing detector in the presence of carrier phase offset. In this
example, the detector output has an offset that is dependent on the carriempéitiser.
caset he carrier phase error mus twitlbtee plopept s ma
operation of the symbol timing loop. Furthermore, if either of these detectors were used
in conjunctionwith a carrier phase detector that had a dependence on symbol timing, the

two loops wouldcouple into one anothand instability wouldikely result. Therefore, in
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becomes incredibly important for the detectors to be desigredth a wayhat coupling

cannotbetween two or more loops canmaicur.

Mean TPD output vs. Timing Error (SNR=15db)
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Figure3.26: Two symbol timing deteairs that would cause instability

3.4.2 Carrier Phase Estimation

The carrier phase synchronization loop uses a deeikiented detector thatses
the sliced decision bits in its detection loop. As a result, this loop is loosely dependent on
accurate symbol timig, since accurate symbol timing is a prerequisite ofB@®R bit

decisionsThe exact algorithm used by the detector is:



CHAPTERS3. SYSTEM DESIGN CONSIDERATIONS 92

—=0'QFy  0'Q (211)
whereMF q is the matched output on the 1/Q channel lapgis the sliced bit decision on

the 1/Q channelFigure 3.27 shows the expected transfer function of the detector output
for various symbol timing offsets. Provided that the symbol timing offset is sufficiently
small to prevent ke numbers of decision errors, the expected behavior of the detector
does not vary significantly with symbol timing offs&te figure alsshows the standard
deviation of the detector output can be observed that the standard deviation of the
detectoroutput increases significantly with increased symbol timing error. With perfect
symbol timing, the carrier phase error out of the detectd7isRMS, while at 300ps

symbol timing error, the carrier phase error increas@gt®MS.

CPD output vs. Phase (SNR = 15dB)
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Figure3.27: Decisiondirected carrier phase detector output. Expected value of output
(top) and standard deviation of output (bottom)
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As mentioned previously, this detector usesdecisiordirected approach for
estimating the arrier phase error. Since proper decisions require reasonable symbol
timing, the behavior of this detector during acquisition can be problematic. In order to
circumvent this issue, known training sequence used to allow the loop to properly
converge biore actual data is transmitteltlis possible to use a natataaided detector
in this loop; however, as is wekhown, NDA loops typically are much noisier than their
DA or DD counterpart$57]. For instance, the Bowing algorithm is an NDA carrier

phase detector:

iY== QREYFR & 1Y
(2.12)
QEY = Qot"Y + PR EY)

where T is the symbol period (=1ns) anggdare the {channeland Qchannel ADC
outputs Note that this detector is insensitive to symbol timing, as the mathematics of
(2.12) do not take the symbol boundaries into account in any manner. The expected value
and standard deviation of the phase detector output are shdwguie3.28. The plot of

the expected vak of the output confirms the fact that symbol timing error does not affect
the operation of the detector. However, the standard deviatitine detector output is
about6dB worse than the detector describeddril), as NDA detectors suffer a noise

performance penalty.
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Mean CPD output vs. Phase (SNR = 15dB)
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Figure3.28: Nondata-aided carrier phase detector output. Expected value of output
(top) and standard deviation of output (bottom)

The carter phase synchronization must be able to accommodate a carrier frequency
offset in addition to the carrigthase offset. A carrier frequency offset can be viewed as a
phase ramp. Ahaseaamp can be expressed as:

-y 0 = "Boog FOEO O
n 2.13
. Qoo 213
Jign ! = 72—
where fsset IS the carrier frequency offset and)ué the unit step functiorA phase &p

is:
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(2.14)

i
If one substitutesdJramdS) for X(s) in equatior(2.9), it becomes apparent that a second

Jigan | =
order filter is required to obtain synchronization without a stesaye phase errorhis

is similartothe second r der f il ter required imodLLOs t
to maintain reasonable phase margin at the gaty frequency of the loop, the secend

order loop filter must have a LHP zero in its transfer function. The loop filter can be
expressed as its continueus me equi val ent, HNj( s):

(o di =1i—§ [ +7 4 (2.15)

wh era@stheunitygai n f r equencyisthé LHP hemSolvingdopthea nd ¥

closed loop transfer function, A(s), we obtain:

r2
! . ' (2.16)

Oi = — = - ,
1+C%1 0247 4i+1 g o

which is a secondrder highpass filter, as expectetiherefore, the response of this filter

to thephase step ifR.14)and thephase ramp i§2.13) is:

o . [ f—p
Giameoo | = O #Qiom | = 77 o 14 o
2.17)
C e , Qoo
Qicangoo | = Ol #Qigpp |

REEERE

The design of the filter therefore simplifies down to the task of choosing the
appr opyrainat Hre lgop unityg ai n f r g,dswclkeosea By, trading off ¢h
overall settling speed of the loop against the nbiwring of the loop. As discussed

above forthesingler der ¢ a s e,speedrs gprloeppasquisitgn and tracking at
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the expense of an increased n@oesasanoctharndwi dt
degree of freedom in modifying the dynamics of the loop. 3te@ response and the

ramp response for s epyseshowar inFigureB.29€erm thsis figuret h  d i f
the unity gain f r,esqormalized/to ané. As carebe teen in ther ¥
figure, increasing the zero frequenplcy incr
¥y, the filter response degenerates into a simple-dnder filter. As a result, the step

response does not have any gheot, but the filter cannot accurately cancel out the error

from a constant phase ramp. As the zero frequency is increased, the initial speed of the

step response increases, but overshoot occurs, limiting the overall response speed.

Phase ramp error

7

Figure3.29: Ramp response and step response of secéhtl R SNJ FAf (0 &aNd 6 A (0 K
gl NBAY 3
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The carrier phase recovery | oop uses a
initial carrier phase and frequency acquisition, the unity gain frequency of dpeido
increased in order to speed acquisition; noise performance of the loop is suboptimal
during the acquisition phase, however. Once the carrier is acquired, the unity gain
frequency of the loop is gearshifted down to a lower value in order to limrtdise in
the loop. The gearshifting ratio used in this design is a factor of 5. During acquisition the
unity-gain frequency is set at roughly 8MHz (50Mrad/s) in order to pull in a 6MHz
carrier frequency offset that can arise from 100ppm crystals. Duangitig mode, the
unity-gain frequency iseducedo roughly 1.6MHz (10Mrad/s) in order twandlimit the
noise from the phase detectérloop bandwidth less than the carrier frequency offset is
allowable because the carrier frequency offset is static andéry little frequency drift
due to the high frequency stability of the source cry3taé zero frequency is set to be
half the unity gain frequency, as it presents a reasonable compromise between transient
response speed and oversh&uith the unity gin frequency and the zero frequency can

be easily modified by changing the coefficients in the digital loop filter.

3.4.3 Symbol Timing Estimation

The timing synbronizationloop uses a nedataaided (NDA) detector to ensure
timing acquisition regardless of @arate bit decisions or other system parameters like
carrier phase/frequency offs@y using an NDA detector for symbol timing, coupling
between the symbol timing loop and other synchronization loops is prevérited.
estimation block uses a fourgowerdetector to make the estimate independent of carrier

phase or data bit:

-1}
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HEY = GoeY FeEY G & 1Y GHE 1Y

g 1°¢
where Ts is the symbol period (=1ns) andgdare the ichannel and €hannel ADC

(2.19)

outputs.The expected value and standard deviation of the timing detectout carte
shown inFigure3.30. The plot of the expected value of the output confirms the fact that
carrier phase error does not affect the operation of the det@st@ .shown in figurethe

noise performance of this detectorheat poor; the RMS error of the symbol timing
detector is as big €60 ps. However, there are two factors that enable the use of such a
noisy detector within the system. First, as with all estimation loops, the loop filter will
significantlybandlimit thenoise produced by the detector. Therefore, as discussed above,
the noise performance of the symbol timing loop can be traded off against the acquisition
and tracking speed of the lodecondly, as was shown kigure3.12 (on pag 70), the
overall receiver is robust to symbol timing errors as large as 100ps (0.1baud), as they
cause less than 0.5dB sensitivity degradation. Therefore, a noisy NDA timing detector
can be used in order to minimize the plodisy of any loop-coupling issues described in

section3.4.1
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Mean TPD output vs. Timing Error (SNR=15db)

I | | I T T I T
— 0deg carrier phase : '
————— 30deg carrier phase
------- 60deg carrier phase
""""""" 90deg carrier phase

<
N

L

=
=
T

Mean PD output (ns)
&
Y o
T T

0.2 I | i | 1 i | i |
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Timing Error (ns)
TPD Std-Dev vs. Timing Error (SNR=15db)
0.4 T T T T T T T ]
— Odeg carrier phase : ; :
@0_33_ ————— 30deg carrier phase|........i R e -
O 60deg carrier phase : 3 :
B gagll 90deq carrier phase . , |
is] A : : ¥
w '_7'
3 0341 :
5
o
E 032k i X N e N .
0.3 i i 1 i 1 i i 1 i
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Timing Error (ns)

Figure3.30: Non-data-aided symbol timing detector output. Expected value of output
(top) and standard deviatiorof output (bottom)

The filter used in the timing synchronization loop is a simple-@irder integrator,
as it is capable of driving the steasiyate symbol timing error to zewghile guaranteeing
loop stability The bandwidth of the filter is approximptel.5MHz, and the update rate
of the detector is 1GHz, so the filter reduces the noise from the detector by roughly 25dB
(=10log1GHz/(2%x1.5MHZz)], reducing thewoise from the detector tooughly 16s

RMS after filtering
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3.4.4 Channel Estimation

The channel gimation loop is inherently built into the adaptation loop of the
decision feedback equalizek. simplified diagram of a multipath channel and a DFE is
shown in Figure 3.31. The multipath channel is represented by an FIR filtéh w
coefficients,a,. The steadystate DFE tap coefficientsy, are the direct estimation of the
multipath coefficients; in other wordey = ¢} , wherec, is the estimate ofy, . The

adaption of each DFE tap coefficient is governed by thekmelvn LMS algorithm:

G E+17Y =Gy &Y + ¢ day &Y
(2.19
g = W Wy g
Wheredy is the current slicer decisioy, is the slicer decision from tha periods ago,

Gy is thecurrent slicer input, anelis the LMS adaptation coefficient.

Multipath channel

Decision Feedback
Equalizer

Figure3.31: Simplified diagram of multipath channel and DFE

The DFE used in this receiver is a complex DFE, with a quadrature input,
quadratwe output, and complexalued DFE taps. Taking this into accouit,19) can be

expressed as follows
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G £+17Y =G &Y +°' 3qg &Y + Qay, &Y
g = Gp G fOgt Qo Qo $Rg (2.20
3Qa — Jb,o &5,0 ¢J~')Cﬁ ‘:3@ (I)CD ¢(I(’),d
For a multipath channel with 15ns RMS delay spread, the multipath is expected to

die off in about 340, or roughly 45ns. Si
implemented is 1ns, a full DFE would require roughly 45 tap$ully equalize the
channel. While the DFE estimation engine is implemented in the digital domain, the DFE
correction subcircuit (i.e. the equalizer circuit itself) is implemented in the analog
domain. Due to the parasitic capacitance that is associate@adh DFE tap, the analog
portion of the DFE can onljpave a limited number of taps, roughly 16. Therefore, in
order to make optimal use of the limited number of analog equalizer taps available, the
DFE estimation engine must not only estimate the magdeaiof the DFE taps, but it must

also determine where along the DFE delay line the 16 taps should be positioned. Another
way to envision this problem is to assume that you have-tapiDFE subject to the
constraint that only 16 of the taps can have a-zeyn magnitude at any given time.
When posited in this form, the obvious solution is to adaptively allocate the DFE taps to
the positions in time that correspond to the largest absolute values of the channel impulse

response. This process is dubbedptiwe tap allocatiorin this work.
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Figure 3.32 Sample channel impulse response. Adaptive tap allocation algorithm
would identify 3ns delay, 4ns delay and 1ns delay (corresponding 0a@ anda;) as
the optimal tap placement

For instanceFigure 3.32, shows an example channel impulse response with a
length equal to9 symbol periods. The first tap of the channel impulse response
corresponds to the liraf-sight transmission path andbsequent taps are caused by
unwanted multipath reflections. Let us further assume in this example that the analog
equalizer circuit was implemented with only8 taps. The role of the adaptive tap
allocation process is to determine where to position thevedlable taps; or in the
parlance 0{2.19), which 3 values o63,03,8 , 63 should be set to nonzero valuEsr the
example ofFigure3.32, the optimal values of the constraingdare just the 3 largest taps

of &y,0,8 ,& , as shown irthe figure If the channel impulse response were to change
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to Figure 3.33, then the adaptive tap allocation process would change to select the new

largest 3 taps, as shownthe figure
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Figure 3.33: Sample chnnel impulse response. Adaptive tap allocation algorithm
would identify 2ns delay, 3ns delay and 4ns delay (corresponding £0ag anda,) as
the optimal tap placement

In the case of the MSK receiver, in order to determine the 16 largest values of the
multipath channel impulse response, every tap value in the 45ns multipath profile must be
estimat ed. However, t he t aadaptivée tamdllocatione n o't
algorithm cannot use the tap magnitude estimation algorithm descrik2d9)) because
&) -ecisaq 1S forced to be zero thus breakintagnitudeadaptation loopHowever, even
with a DFE tap forced to be zero, an estimate of the channel impulse response can still be

derived via;
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wherezy €Y is defined in(2.19) andN is the number of samples over which to take

the meanOnce all the values of the channel impulse oesp are estimated, a simple
sorting operation (by absolute value) can identify the largest magnitude channel taps to
equalize.

It turns out that the hardware necessary to implement the adaptive tap magnitude
calculation as shown i(2.19) can be easily repurposé¢al estimate the channel impulse
response of an inactive tap, as showndr21). If the values ofay -ecsoq are only
updated everil symbols, then only a single multiphccumulate (MAC) block is needed
for each tap location. When a particular tap is selected by the adaptive tap allocation
algorithm (i .e. t heACisagnfigures likd andntegratoe io drder t h e n
to implement the LMS adaptation routine(f119). When that tap is not selected (i.e. the
tap is fAinactiveo), t 221 can leeachiavedk by simplyn g o0 p
resettingthe same integrator evelN cycles Therefore, minimal additional hardware is
required to implement the adaptive tap allocation algorithm, and it essentially comes for

Afr eeo tandardiDFE tdpenagsitude allocation block.
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3.5 System Simulations

In order to test and verify the performance of the misigthal baseband receiver
described here, a full simulation model of the 60GHz wireless link was built in
MATLAB Simulink [58]. In order to speed up simulation time, a baselsndvalent
model of the mrwave components was usgx®], so the simulation timescale could be
referenced to the lower frequency symbol periodeid of the 60GHz carrieiA
stochastic channel model was usted model the multipath behavior of the indoor
channel; RMS delay spread for the channel was 15ns and the Rician K waabdBm
carrier phase offset was introduced and a carrier frequencynatts of 6MHz
(corresponding to 100ppm at 60GHz) between TX and RX was a@ldedonideal mm
wave circuit models discussed section3.1 and detailed inTable 3.1 (page54) were
used to simulate PA nonlinearity and LO phase ndike.timing synchronization, carrier
synchronization, and equalization loops as detailed isebgon3.4 were also included,
so that a complete model of the basebeeceiver could be simulated.

Figure 3.34 shows the BER vs. SNR waterfall curve for the baseband receiver.
Each simulation data point is the ensemble average of 20 Monte Carlo runs of 10000
MSK symbols each. Each Monte Carlonrhas a randomly generated, timgariant
channel impulse response, a randomly generated symbol timing offset, and a randomly
generated carrier phase offsahd a 6MHZ100ppm on 60GHzgarrier frequency offset
An SNR of 10dB is required to achieve th@® BER target, representing less than a 1dB

implementation loss from the ideal MSK receiweth equalizatiorshown inFigure3.10.
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Figure3.34: BER vs. SNR curve of full Simklreceiver simulation

Figure 3.35(a) shows the acquisition of carrier phase and frequ@eciormedby
the carrier phase recovery blockhe solid line shows the actual carrier phase and the
dotted line shows the carrier phastirmate provided by the CPR digital estimator and
used by the analog CPR block to correct for phase offset. The input phase has is a steady
ramp, due to the 6MHz frequency offset between transmitter and redeayare 3.35(b)
shows the phase error between the estimate and the actual carrier phase. The CPR block
quickly acquires carrier frequency and phase in less than 100ns, and the subsequent phase
tracking error from 100ns to 1000ns has a standard deviation of 6.7°. As disausse

section3.4.2 the carrier phase recovery thkouses a geashifting approach, where the
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bandwidth of the recovery loop is higher during acquisition and lower during tracking. As
can be observed iRigure3.35(b), the geasshift occurs at T=1000ns. From this point on,
the carrier phase recovery block track the phase error with a narrower bandwidth,
resulting in less noise in the carrier phase estimate. Aftershpefting, the RMS phase
error is oy 2.1°. Most of thigesidualphase error iglue to the limited update rate of the
CPR block; since the CPR block only updates at 2ns intervals, the 6MHz carrier offset

with result in a 4° ripple on the phase error which is clearly discernatiie figue.

200 . _ i . 120
e Input carrier phase

5 ====- Carrier phase estimate |

150 Y

arrier phase (deg)

Ci
'
3
Carrier phase emor (deg)

d \mv, f\y{\ﬁ"'\ﬂw MWW*\

1000 1500

Time (ns) Time (ns)

Figure 3.35: (a) Acquisition of carrier phase and frequenand (b) Residual carrier
phase error

Figure 3.36 shows the acquisition of symbol timing. In comparison to carrier
acquisition, symbol timing acquisition occurs much more slowly, taking about 1200ns to
acquire. This is due to several factors: first, symbol timing is acquired using@aten
aided (NDA) detector, as opposed to the decisiioected (DD) detector used carrier
phase tracking. In order to keep the high noise levels of the NDA detector in check, the
symbol timing loop has a significantly lower bandwidth that the carrier phase loop,

resulting in slower timing acquisitiorSecondly, the symbol timing deter is very
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sensitive to errors in the equalization loop. Comparing the initial acquisition of timing
(Figure3.36) to the initial acquisition of phas€&ifgure3.35b)), one can observe that the
timing acquisition makes significantly more incorrect decisions en route to acquisition,
limiting the acquisition speedlastly, the acquisition ofarrierphase was sped up by use
of the gearshifting technique discussed above; the timing acquisition loop didveoa
gearshifting loop includedNonetheless, once symbol timing is acquired, the residual
timing error is15ps, RMS. As discussed in sectioB.3.1, the MSK receiver is quite
robust to symbol timing errors; therefore, thagel is sufficiently low so as to not affect

overall receiver sensitivity.

0.25
0.2
0.15

0.1

Symbol timing error (ns)

0.05

-0.05 I i | i i I i | i
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Time (ns)

Figure3.36: Symbol timing acquisition
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Figure 3.37(a) showsthe real part of a sample channel impulsg@oese used in
one of the Monte Carlo simulations. The Rician K of this particular channel was 4.3dB
and the RMS delay spread was 12.Fgure3.37(b) shows the transient response of the
adaptive tap allocation algorithm. Thistise algorithm discussed section3.44 that
determines the optimal placement in time for the 8 DFE taps. The presence of a bar at any

vertical location in this plot indicates that that one of the 8 DFE taps is being ubatl at

selected delay value. (Note that there ar

time.) For instance, the cyan bar at tap #11 indicates that one of the DFE taps was
allocated to the delay location of 11ns, corresponding to the channel imesismse

value of -0.16. In this simulation, at T=1000ns, the adaptive tap allocation routine
determines that tap #11 is one of the 8 largest tap vdluesto the fact that the-t@p

DFE can only cancel out a limited number of taps, this adaptation prteeds to be

fairly noisy in the presence of tap values that are of similar magnitudes. For instance,
there are several channel impulse response values that possess an absolute of roughly
+0.05. As a result, the tap allocation scheme periodically swapsdé® a subset of these
taps.This can be most visibly seen in the somewhat periodic selection and deselection of
the 17ns delay tap (the intermittent red bafFigure 3.37(b)). While the intermittent
activation of similar magtide taps does not degrade overall equalizer performance, the
Ainoi syo selection of the tap allocation r

amount of hysteresis in th@pselection process.

(0]
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Figure3.37: (a) Real portion of sample channel impulse respormsal (b) Tap
activation from adaptive tap allocation routine

Figure 3.38 shows the tap magnitude adaptation of three taps within the DFE; the
ideal adaptation valueseanlso shownNo quantization in the actual tap value is shown
in this plot, as the digital estimators are modeled with infinite precision. Quantization of
these tap values imodeled in the analog block, in order to capture the finite precision of

the andog DFE tap values.
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Figure3.38: DFE tap magnitude adaption of a few taps

For visualization purposes, the plot also includes the running estimate of the tap
value even when the tap is not activated bytépeallocation process described above;
the tap estimate value for a deselected tap position is upelatey 500ns, so the regions
in Figure 3.38where the tap estimate is static indicate a time period when that particular
tapposgtion is not activatedror instance, ifrigure3.37(b), delay position #17 was not in
use from T, = 2500ns to 3500ns; therefore, kigure 3.38, the tap estimate for delay

position #17 is static durgnthat timespanAs can be observed iRigure 3.38, the
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adaptation of the equalizer takes about 2000ns, after which time all tap values are close to

their ideal values.

3.6 Conclusions

This chapter introduced a system architectureafmixedsignal baseband receiver
that is capable of functioning within an indoor 60GHz wireless chamhel.modulation
scheme was selected in order to perform robustly in the presence of nonideal CMOS mm
wave componentshe partitioning of the receivarchitecture between the analog and
digital domain was chosen in order to minimize the overall system complexity and power
dissipation of the receiver while still enabling the use of robust digital synchronization
and estimation algorithmglgorithms for synchronization were proposed that enabled
the use of mixegignal feedback loops to detect and correct for various synchronization
parameters such as symbol timing, carrier phase and frequency, and channel multipath
impulse response. Finally a full systesimulation incorporating both digital and analog
circuit models was implemented in order to verify the performance of the receiver
architecture.The overall implementation loss compared to an MSK receiver with ideal
equalization and synchronization wds®n to be less than 1dBpecifications for the
analog circuit blocks, such as the ADC and DFE, were determined; a discussion of the

implementation details of these circuits is presented in the next chapter.
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4 Circuit Implementation

The previous chapr detailed the system design of the baseband rsigeal
receiver for a 60GH wireless communications linkA simplified diagram of the
proposed architecture is shown again Rigure 4.1. In this chapter, the circuit
implementation of the mixesignal receiver is discussed. In section 4.1, a more detailed
view of the architecture is shown, and in subsequent sections, each of the analog circuit

blocks are described.

v

o

¢
Vv ) IF Carrier Compl ] _-f =T0 digital
VYL Phase omplex
Ltil/ X) VGA Rotator [*| DFE _-,% demod
i | i ’

Clock Rec
LOk M Analog [Clock Rec|
M Digital

Timing estimate
Channel multipath estimate

Digital
Estimators

Carrier phase/frequency offset estimate

Proposed Baseband
Architecture

Figure4.1: Simplified block diagram of proposed mixesignal receiver architecture



CHAPTERA4. CIRCUIT IMPLEMENTATION 114

Analog
— — — Digital

ICPR,I

Voo, /
Buf TIA P ADC |- - - -
\_ ! To Digital

| .
. v /— 1 Demod
- CPRA ) Buf TIA S5 ADC |- - —- 4>
o
s

Carrier Phase
Rotator

II:JFE,I
~a

Decision Feedback
Equalizer \

—_— e ———
~

Figure 4.2: Circuitlevel architecture of mixeesignal receiver

4.1 Block-level Architecture

Figure 4.2 shows a more detailed view of the baseband msigaal receiver
circuit implementationAll analog circuits and signal paths are differenflde input
signal (Vin, and Mnq) is a baseband quadrature voltage wavefoifhis signal passes
through the carrier phase rotator block (CPR) which compensates for frequency and
phase offset betvem the transmitter and receiver. The CPR outiesk,and kerq is in
the current domain. After the CPRye decisionfeedback equalizer (DFE) removes
channel multipath. The DFE consists of 16 taps that can be allocated arbitrarily within a
32ns searchange.Currentmode outputs for the CPR and DFE blocks are desirable, as

they lend themselves easily to the summation operation that follegaube both the
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CPR and DFE outputs are in the currdatnain, the summation of these waveforms can
be achievedby simply connecting the two signals together in parallel.

In order to quantize the received signal, it must be converted back into the voltage
domain. The transimpedance amplifiers (TIAs) perform that function. The TIAs serves a
secondary purpose as tkaandhold amplifiers. The traclandhold functionality is
required to provide precise sampling instants for th#&,2Gs/s ADCs.

The summation nodes where the currents from the CPR and DFE blocks are
combined has large parasitic capacitances due tosireficant number of devices
connected to these nodes and the parasitic wiring capacitance required to connect all
these blocks togethefhe input to the TIA is a summing junction node, and as such, is
sensitive to excess capacitanda. order to decodp the CPR and DFE output
capacitance from the TIA summing junction, a curmoide buffer (BUF) is inserted

between these nodes.

4.2 Carrier Phase Rotator

As described in chapté&; the role of the carrier phase rota(@PR)is to correct
for carrier phase and frequency error between the transmit and receive local oscillators.
Given a quadrature input sign8l;, and i, anda desi r ed phadsesgedr ot at i

output of the CPR blocis:
Yoo = COS—F Y SIN—E Y e
Yoo = SIN—F Yop + COS—F Y 0

The expressionsni(3.1) can be expressed in a signal flow diagram, as shown in

(3.1)

Figure 4.3, where the gain of each amplifier is the sin or cos of the rotation angle.
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Therefore, it becomes clear thihe carrier phase rotation operation is simply a set of gain

and summation operations, as shown in the figure. The gain of each amplifier must be
programmabl e, as it is dependent on d; how
-1to 1 on a linear sde and is inclusive of a gain of zero. Therefore, traditional CMOS
VGAOs are not applicable to this applicati
Al i near in dBoOo with rlugherenore, thea sumntatioe at the nt r o

outputsot he VGAOGs favor a ci r edomainoutpotpol ogy t ha

Sl,in— cost +@ > Sl,out
si;B
+ +
SQ,in— cos @ > SQ,out

Figure4.3: Signalflow diagram of carrier phase rotator block

4.2.1 Gilbert Quad VGA

A doubly-balancedCMOS Gilbertquadis agoodtopology b implement the each
of the four PRyE&BsGilberhquadgseekigure4.4) are typically used

in RF switching mixer$60] or BJT translinear circuit61], [62], but their characteristics
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match the needs of the CPR quite w&he gain of the quad is a function of the control

voltage, &, and the quad is capable of achieving positnegative, and zerourrent

gain. Also, with the addition of a differential transconductor at the input to the quad, the
circuit has a voltagenode inputand acurremiode out put, as require

the CPR block.

D“ﬂp Iﬂﬁ‘“

e Mol
A T—

Figured.4: CMOS Gilbert Quad circuit

A full circuit diagram of the VGA, including both the input transconductor and the
Gilbert quad, is shown ifrigure 4.5. The transconductor topolodg¥3] uses a local
feedback loop oM, M, and M; to create an input device with a high effectivg g
therefore, the effective £0f the input transconductocircuit is set by the resistor, R,
that provides degeneration between the two input dewaocgsby the mirroring ratio
between M, and My,. This not only provides a fixed transconductance that is largely
insensitive to process, but it also linearizes the transconductance of the circuit, as a

passive resistor has significantly higher linearity tharactive deviceThe input PMOS
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devices,M;, have their wef tied to their sourcein order to prevent ¥; modulation

from degrading circuit linearity.

Gilbert quad

|on+IEJ
|
|

AVAVAY,
A, i B
b A ]
Mz‘? ’— —{ Mas
) 100uA (§) I:MZB M23:| qp 100uA )

In _ht transcon_ductor
L P J

Figure4.5: Input transconductor and Gilbert quad V&G
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The VGA functionality of the circuit is implemented by the féansistor Gilbert
quadin Figure4.6, Mg1 to Mqga. If we assume that the transistors in the quad are biased

in strong inversion and behave like squlaw devicesthe output current of the quad is:

Qmﬂcmzoza) Qi 8 Zg] G

1 ¢

+ 4'Q gan

(3.2)

By 8 uﬁi 4 qan

Plots of the transfer function {{3.2) areplotted inFigure4.6, with Vgsa= 200mV,
Inias= 100uA andvarying V.. As can be seen in the figure, the transfeicfion does not
display the desired characteristic of translineatityorder to get translinear operation in
the Gilbertquad, the exponential voltage-current trasfer function of a BJT is required
[62]. However, biasing the CMOS transistors in waalersion will give a good enough
approximation of the BJT transfer functidfigure4.7 shows circuitsimulation results of
the Gilbert Quad transfer function for varying Vwith the devices biased in weak
inversion As can be seen in the figure, the transfer function of this \weaksion quad

has linearity that is over 20dB better than its square tawterpart
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Figure4.7: Gilbert Quad transfer function, with wealknversion devices in left plot.
Derivative of transfer function (i.e. gain) in right plot shows little nonlinearity the
signal path

There are two main limitations toing a weakinversion Gilbert quad as the VGA

device. First, in order to bias the quad transistors in their exponential;invegkion
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regime, the transistors must be very wide. Therefore, the parasitic capacitances at the
outputsof the quad are significea and can possibly reduce the bandwidth of the circuit.
This issue is addressed by the inclusion of the-Bgged, lowinputimpedance current

buffer shown inFigure 4.2 and described later in sectidnt.

Secondly, due to many secearter effects such asty modulation and finite
output impedancethe gain of the Gilbert quad is a ntnear function of the control
voltage, . A plot of the VGA gain vs. control volie is shown inFigure 4.8, and
nonlinearity in the gain profile is eviderih orderto implement the desired carrier phase
rotation operation, the gain of each component VGA must be precisely controlled,;
therefore, somenechanism to overcome the nonlineartagéto-gain relationship must

be devised. This is described in the following section.

VGA quad gain vs. Control Voltage U d(Gain)/d(Vetrl) vs. Ctrl voltage
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—90@m I I I ] 3.9 1 1 I 1
—20Pm —10%m 0.00 190m 200m —-20@%m —10@m .09 100m 200m
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Figure4.8: Gain of the Gilbert Quad versus conl voltage (left). The derivative of the
gain in the right plot showsignificant nonlinearity in the gain transfer function
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4.2.2 Feedback Tuning Circuit

I n order to get the precise gain of C O S
closedloop techniques are required to overcome the gain nonlinearity shokigure
4.8. A master/slave tuning technique is used to create thisspreaain, and a diagram
of the cirait is shown inFigure 4.9. In this technique, a replica of the Gilbert quad is
used. The differential current into the replica quad is set by fixed current sources at
%% Ibac, @ switcheecurrent DAC is connected to the output of the replica quad, and an
amplifier is connected in feedback around the replica quad. The high gain of the amplifier
enforces a differential virtual ground at the quad output; in order to maintain a zero
differential votage the amplifier sets the differential voltage across the quad inputs so

that the replica quad sinks the DAC current exactly. In this way, the gain of the quad is

Quroons . .. The control voltage established tre replica quads is then

set to @Q‘Do&'ﬂ]

used to control the primary quads in the CPR VGRerefore, the gain afach primary

guad can be precisely controlled by the digital input to the DAC.
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Figure4.9: Replica tuningeircuit for master/slave VGA tuning

Figure 4.10 shows an example where the gain of the VGA is set to zero. In this
example, the DAC is configured to output a zero differential current. The principles of
feedback and KCL enforcié current distribution in the replica quad as shown; the equal
division of currents can only be achieved if the differential voltage on the gates of the
quad is also zero. This quad control voltage is also forwarded to the primary VGASs,
which would also ave a gain of zero.

Figure 4.11 shows the transfer function of VGA gain vs. DAC current. When

compared td-igure4.8, the increased gain linearity of this approach iseeiient.
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Figure4.10: Example of replica tuning circuit witgain set to precisely zero

VGA quad gain vs. DAC input
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Figure4.11: Gain of the Gilbert Quad versus desired gain as set by the DAC (left). The
derivative d the gain in the right plot shows very little nonlinearity in the gain transfer

function
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4.2.3 DDFS Current-mode DAC

The previous section showed how the gain of the Gilbert quad VGA (and hence the
phase rotation of the CPR block) was controlled by the switche@nt DAC inFigure
4.9. However, as shown i(8.1), in order for the phase rotation operation to work, the
output value of each DAC must be equal to either the sine or cosirtes afesired
rot at i o rbwitahedgurrent DAGs typically employ ungized current sources in
their array in order to maintain good device matching and linearity. Therefore, some form
of phaseto-amplitude conversion block, such as a DDFS, is requimethe digital
domain to generate the appropriate output.

In order to generate the speed and resolution requirements for the DDFS, the
system performance in the presence of CPR error mustdeaminedFigure3.11 (on
page70) showed that the overall system performance is unaffected by carrier phase error
less than 5°If we assume that 60GHz LO mismatch is less than 100ppm, then the

frequency offset between TX and RX will be less than 6MHRzrder to maintain phase

error less than 5° the clock rate must be greater tBariQxx g: 4320 Q.

Therefore the clock rate of 500MHz was chosen for the DAC and DDFS bldbks
phase input to the DDFS block was truncated at 8 bits in order popkeese quantization
noise negligible as well.

Figure4.12 shows the typical signal path for most DDFS DAC blocks. A control
word for phase and a control word for frequency are the two data inputs. The frequency
word gets integrad and added to the phase word to generate the total input bluste.

DDFS DACs utilize a ROMased lookup table in order to perform the phase
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amplitude operatiorf64]. Subsequent to the ROM table lookup, the dig#ine wave

then is input into a standard linear DAC, where elersetgction logic (typically row

and column decode) is used to activate the desired number of DAC current elements.
Lastly, the currents from these DAC elements are summed together attpbé af the

DAC to create the analog sine waveforimis traditional approach suffers from high
levels of power dissipation, however. At clock frequencies in the hundreds of MHz, the
ROM table can consume significant poweominating overall system poweas in the

case of65].

M | Linear DAC| 2, |M-bit
sel'n logic DAC /

VAV AVAVERAVAVEAVAY

Figure4.12: Traditional ROMbased DDFS architecture

—Dig integrator 7% Nonlin ROM

Nonlin DAC| 2 |M-bit
sel'n logic DAC /

Figure4.13: DDFS architecture ith trigonometric function embedded in DAC selection
logic

— Dig integrator 7NL

An alternative approach to the ROM lookup architecture is shovingure 4.13,

and is similar to the architecture reported66]. Here the ROM table is removed, and



CHAPTERA4. CIRCUIT IMPLEMENTATION 127

instead the phage-amplitude operation is directly embedded within the element
selection logic of the DACA. As with traditional ROMbased DDFS blocks digital
integrator is used to create a phase rarhen, thephase ramjs converted into a digital

sine wave by the nonlinear operation in the selection logic. This can be better understood
by comparing the selection logic in this DAC to the selection logic in a traditional DAC.
Figure 4.14 shows the transfer function for both types of DAC. In a traditional DAC,
each additional LSB increase in the digital input code causes one additional LSB current
source to be activated, as shown in the figure. However, with the nonlinearoselect
logic proposed here, each additional digital LSB does not activate an additional LSB
current source. Insteadhe selection logic is handired to implement the phase-
amplitude operation, as shown kigure 4.14. As can beseen in the figures, each LSB
current step is identically sized, but the transfer function of the selection logic is a
nonlinear function. Furthermore, it can be noted that the DAC has fewer output amplitude
levels than input phase levels. In this archiie, the &it phase input generates &6

DAC amplitude output, but the quantization in amplitude does not impact the carrier

phase error and only creates minor leveladwfitionalwhite noise
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4.3 Decision-feedback Equalizer

As described in chapt&; the role of the decisiefeedback equalizer (DFE) is to

remove unwanted signal energy caldsy channel multipath reflectionand thus

properly condition the received signal for demodulation and detedienDFE consists

of 16 complexv al ued

i t a pchaonel(a®d 8 iinnthe LHarel) Figure 4.15

shows the tofpevel architecture o& single channel of theFE block (i.e. there are two
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instances ofFigure 4.15; one for the 4channel and one for the-€hannel) The DFE

block runs at the symbol rate, so all the citcwithin are clocke at 1GHz.

Programmable
current source load

Current
Control

lop 01 —olon

I-channel Q-channel
L« Tap weights |« Tap weights

Programmable delay line 8 DFE taps Programmable delay line 8 DFE taps
' o
8 muxes 8 muxes
o T e Wt | T i, L g
Tap positions Tap positions
ou P o e e st Hef P e
32 delay elements 32 delay elements
o J

Figure4.15: Top level block diagram aine channel ofdecision feedback equalizer

4.3.1 DFE Tap Structure with Programmable Current Bias

As shown inFigure 4.2, the DFE outpuis in the current domain in order to
facilitate the summation operation that is inherent to the equalization précessck
diagram ofthe analog portion od single DFEcurrentmode tags shown inFigure4.16.

The magnitudeof each tap is set by tying the desired number of gateeeoNMOS
current sourceo either a bias voltage or ground to activate or deactivate the transistor,

respectivelyEach tap has 7 current source transistors, so each tap can synthesize a DFE
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valuefrom -7xI sg to +7xl g in steps of Isg. If a DFE tap value beyond that range is
required, more than one DFE taps can be used together to synthesize a single larger DFE

tap.

C; C::' C;-'

Vbias_/ Vbias_/ Vhias_/
ey ek

Figure4.16: Analog portion ofa single DFE tap

Figure4.17 shows the full schematic for a tap, including the digital logic and clock
circuitry that precede the analog DFE current fapinput latch samples thdelayedbit
decisionand generates a different@litput bit signal. A crossbar circuit is used to either
pass or invert the differential bit signal, depending on the sign of the DFE tap Maiie.
signal then passes through a clock gating device (composed of an AND gate). Clock

gating is used to disabkhe switching activity on the current tap in the case that DFE tap
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value is equal to zero, (i.e. the DFE tap is not being used.) This technique reduces noise
coupling to the output nodes from the digital switching in scenarios when some DFE taps
are notneeded.

lOP lON

val/p val0 — Data _
Q Data°—| I—oData
Latch val/n
bit — D /L|
|
2N
J
valp
= /. —_—
n Q —_— Data
l val0 —
Clock valp: DFE tap value > 0

valn: DFE tap value < 0
val0: DFE tap value =0

Figure4.17: Full schematic of a single DFE tap

4.3.2 Programmable Current Source Load

As shown inFigure 4.15, the DFE contains a programmable current source load.
This block isused so that DFE does not inject any comimade current into the receive
path. As can be seen Kigure4.16, each DFE tap is composed of a switchable NMOS
current source, with a tail current equal to 8%l In order to preventcommon mode
current injection, two PMOS current sources are required, each with a current of
nxl sg/2. Rather than distributing these PMOS current sources into each DFE tap, it is
more areeefficient to lump them all together in this single block. A scagemof the
programmable current source load is showFRigure4.18. Also, since each side of this

current source load is independently programmable, this block can be used to inject
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and/or cancel differential offset at this nodehich is generally usefulduring
measurement and test.

63 elements 63 elements

II‘J— | I

| |

I
.

]h h e E‘”: o0 E‘l[

O 6; : :

Figure4.18. Programmable PMOS current source for DFE

R
BE
1

4.3.3 Programmable Delay Line

The third block in the DFE is the programmable delay line. The detayié
necessary for the DFE in order to store the past bit decisions that are required in the
equalization procesdJnlike traditional DFEs, thidvlock was made programmable in

order to enable the adaptive talocation scheme described in secti@¥.4
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Conceptud, this block is quite simple: the outputs of the lergehdelay line are input
into the switching block. Eight of these 32 inputs are selected and routed to the DFE for
use in equalization. Hencthe switching blok is composed of eight 32-1 muxes, each

controlled bya separate-bit control word.

4.4 Summing Current Buffer

As shown inFigure 4.2 (pagel14), the receiver has a curremibmain summation
node, whee the currents from the CPR bloekd DFE blocks are combined. During
design of the mixedignal receiver, it became apparent that the parasitic capacitance at
this node was quite high. The parasitic capacitance was due to two factors. First, these
nodeshad lots of devices connected to them; each summing node was connected to two
Gilbert quad VGAs and 16 DFE current taps, and the resulignai Gg from these
devices were significant. Secondly, there was significant parasitic capacitance from all
the outing required to hook these disparate blocks togetkemwill be discussed in
section4.5, the performance of théransinpedance amplifier§TIA) that follow is very
sensitive to input capacitancAs a result, it was determined that the large parasitic
capacitance on these nodes could potentially degrade the bandwidth and performance of
the subsequent blocks in the chain, and some form of buffering was required to decouple
the DFE and CPR capacitance from the TIA inputs.

The input and output signals aire the current domain, so the buffer must be a
current buffer. Desired characteristics include: a high circuit bandwidth so that the signal

passes through the buffer undistorted; a low input impedance so that the parasitic
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capacitances at the input do mggrade performance; a low output capacitance so that
the operation of the TIA is not disturhegbod signal linearityand a high input common
mode voltage to accommodate the NMOS transistor stacks in the DFE and CPR blocks
Furthermore, since the TIArcuit does not have any commarode control at the input,

the buffer must be able to control its output common mode voltage.

Figure4.19 shows the schematic of the current buffer. The core buffer is simply a
cascoded PMOS curremirror. This simple circuit topology was chosen over other
topologies due to the fact that it was the only topology found that could accommodate all
the requirements mentioned above while still maintaining ssmgtlal stability over
process, temperaturéé supply variations(Other schemes utilizingomplex feedback
techniques generally could not be stabilized at Ghel bandwidths.)The worstcase
bandwidth of this current mirror buffer was greater than 1.5GHz due to the use of thin
PMOS devices biaseat high current levels ¢gbuA/um) Commonrmode output control
was maintained by using NMOS current sources that were controlled in feedback by a

commonmode sensing amplifier.
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Figure4.19: Unity-gain curent buffer with output common mode control
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4.5 Transimpedance Track-and-hold Amplifier

The role of the transimpedance traarkd-hold amplifier(THTIA) is twofold: first,
it needs to convert the incoming currglttmain signal into a voltage domain signal for
processing by the flash ADC. Also, it performs a trackthold function (also known as
sampleandhold) so that the input voltage to the flash ADC is held constant during the
ADC evaluation mode.

The top-level schematic of the THTIA is shown irigure 4.20. The THTIA is in
track mode during «1 aihk feedbackiresistdr arbudd thmo d e
amplifier, R, provides the transimpedance functionality, and the feedback capacitor is
used to store the output voltage durimget T HT I A6 s Ifhwe lassumenthd e .

amplifier is ideal, the transfer function of the THTIA durindis:
. Qe Y
Owov | = ~5 = 17578
I n this design, R is 2kq and C is 50fF

(3.3)

network is at roughly 1.6GHz.
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Figure 4.20: Toplevel schematic of nsimpedance tractand-hold amplifier. G 1 is
track mode.t 2 is hold mode

There are two primary criterion for the design of the amplifier in the THTIA: first,
the amp must have sufficient gain so that the cldsep transfer function is
predominantly detenined by the feedback R and C; secondly, the amplifier must have
sufficient bandwidth so t haAdditiorally, loopupgaiput pr
at bandwidth improves the linearity of the THTIIAthe amplifier has a DC gain ofp

andaunitygai n f r e g theeampgliffer t@risferfunction can be expressed as:
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5 Oos
| = —
I (3.4
1+
O & o

Inserting this nondeal amplifier into(3.3), we get:

Y o (01e%} L 1

1+iY6 "1+ 005 1 +1'_ (35

]

The first term 0of(3.5) is the ideal transfer function fro(3.3). Thesecond term is
the gain error of the closddop transfer function due to finite DC gain, and the last term
is an additional pole due to imperfect amplifier settlihg.order to have gain error
contributeL 1 LSB of error in the ADC, we desire to have an amplifier with DC bain
2V, where N is the number of bits in the ADC. Also, in order for finite bandwidth to have
minimal effect on the overall closéeddoop transf er fwd/BE (Fon,
1.6GHz) This bandwidth must be achieved while maintaining sufficient phase margin

and gain margin to ensure loop stability.

4.5.1 THTIA amplifier

A schematic of the THTIA amplifier is shown kigure4.21. A modified twostage
amplifier topoloy was used, as the compensation network requiredtfadaionaltwo-
stage design would unnecessarily degrade the amplifier bandWiddHirst stage of the
amplifier is a highbandwidth circuit consisting of an NMOS differential p@itl) and a
PMOS dode load(M3a). The PMOS diodes form the input portion of output current
stages (with current gain equal to 5) to drive the output PMOS dey{i8b).
Additionally, PMOS current source@vi2) shunting the PMOS diodes are used to

maintain a high current gain the mirror with minimal current dissipatiohhe effective
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Gwm of the amplifier becomes the,®f the input NMOS device multiplied by the current
gain in the PMOS mirror, or 5xgmBoosting the G in this manner is a powafficient

way to increase thenity gain frequency of the amplifier.The price paid for this
approach is the nondominant pole of the PMOS current mirror; however in 90nm CMOS,
it is relatively simple to push the nondominant pole into #5581z range Simulations
indicate that the DQain of this amplifier is higher than 30dB and the unity gain

bandwidth of the amplifier is at least 2GHz.

TmA 200uA 300uA 300uA 200uA TmA
T T A R L
(5% Maa) (5% M3a)
Vop o] o Von
Vi M M Vin
I SR

- Al AL,

TmA TmA TmA

Figure4.21: THTIA amplifier schematic
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4.6 Flash ADC

The 2Gs/s, it flash ADC quantizes the voltagggnal that is output by the
THTIA circuit. As shown inFigure 4.2, there are two flash ADCs: one for theHannel
and one for the @hannel.The toplevel architecture of a single flash ADC is shown in
Figure4.22. All analog signals are differential, although the figure shows them as-single

ended for simplicity.
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f phi2 phi1 phi2
phi2 phit

Figure4.22: Toplevel block diagram of 4it flash ADC

The THTIA is in track mode during phiand hold mode during phi2. During phi2,
the preamps amplify the voltage difference between the THTIA output and the reference
voltages supplied by the reference laddEne outputs of the preamplifiers are then

passed to the averaging circuits, which as®o active during phi2. By the end of phi2,
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the output voltage from the averaging circuits has fully settled, so at the conclusion of
phi2 (the beginning of phil)the NMOS comparator is released from reset and begins to
regenerate. In order to faciliatow-power operation at 2Gs/s, the regeneration operation

is pipelined over two stages of comparatdsthe end of phil, the NMOS comparators
have completed most of the regeneration process; the CMOS comparators that follow
enable the regeneration opwra to complete during the subsequent {pafiod of the

clock. After regeneration is complete, the 16 output levels are encoded inbd 15
thermometer code, which is stored in the input Dfligps (DFFs).A bubblecorrection

circuit is then used to neove any mismateinduced sparkle codes in the thermometer

code before use a ROM loalp table to perform the thermometerbinary conversion.

4.6.1 ADC Architecture and Mismatch Analysis

An ideal 4bit ADC has 25.7dB of SNDR when excited by a-&dhle sinusid.
However, offsets in the comparator threshold levels can degrade both the linearity of the
ADC (measured in SFDR) as well as its SNDR. A typical rule of thumb for ADC design
is that the 30 value of the of ¢ aiger ator
offset should have a standard deviation of about 0.15 HeBiever, in order to test the
efficacy of the ADC architecture proposed, a more stringent offset specification of
0 < 0.1 LSB wa s Figuse423, this Aheuldgdsudt w a-S8igma worst
case SNDR of about 24.5dB and a warate SFDR of about 34dBhe fullscale input
level of the ADC is 640mV, pedo-peak differential, corresponding to a 40mV
differential LSB size. Thereforayith our 0.1 LSB targetthe comparator offset should

have a standard deviation less tharV .
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SNR vs. Mismatch sigma, 4-bit ADC, 100 runs
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Figure4.23: Results from a Monte Carlo run of aldt ADC. The standard deviation of
the comparator offset is swept in the -éxis. Tlke midline represents the mean SNDR
and SFDR. The error bars represent the bease and worstase measurements over
100 runs.
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In order tomeet this stringent offset requiremevith minimum power dissipatign
severaltechniquesare required. As discussea [67], preamps are frequently used to
reduce comparator offset. As shownHigure 4.24, the use of a preamp reduces the
inputreferred offset of the regenerative latch (which is often qugbk)hy the gain of
the preamp. However, such a technique adds an additional offset from the preamp itself,
and reducing the offset of the preamp through device sizing is a {roeVkcient
approach, as it both slows down the speed of the preamp andsextéa load on the

circuit that is driving it.

Vos,pre Preamp Vos.latch Latch
Gpre I
Vos.input
2
2 2 O-Vos,:’atch
O-Vos:ii’gpw - O-Vos:pre T
pre

Figure4.24. Offsetreduction using a preamybased comparator
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Figure4.25: Offsetreduction using a preamprad averaging circuit

Another weltknown technique for reducing comparator offset is the use of
averaging68]. In this techniqugethe averaging circuit is placed after the preamp, and the
output of the averages (a gained up version of) the average of several adjacent preamps.
In Figure 4.25, a conceptualkexample circuit that averages 3 preamps is shown. In this

example, the inptteferred offset of the middle preamp is:

Qi Tt Qiget Qg N Qi cwa N Qi @50

Wi enco = 3 Qo GofQua (3.6)







