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Fig. 3. An inverting and norunverung integrator connected ill a loop, 

Inverting and nonmverting integrators. If the switches are 
phased so as to realize the transfer functions of (9) and 
(10) then 00 the average through the loop there will be a 
half-cycle of delay per integrator. This is what is required 
by the LDI transformation defined in (I), 

In Fig. J a two integrator loop of a positive and 
negative integrator is shown in whi ch the switches are 
phased to realize the LDI transform. The phasing require­
ment is that during the time period when capacitor C 1 is 
connected Into op amp I, that CJ also be connected to 
that op amp. A one cycle delay is then introduced as CJ 
switches into op amp 2 and C I is switched back to begin 
the cycle again. 

To obtain the highest possible frequency operation it is 
desirable to have the op amps being used at all times. The 
circuu of Fig. 3, however, has the property that the 
outputs of the op amps are only sampled during one 
phase (i.e., switches in one position) and are not sampled 
during the other one. That is, they are only sampled once 
every cycle, T~, and the effective sampling rate, !.' is, 
therefore, equal to the clock frequency fc = 1/ T • 1£ thesee 
outputs were sampled on both clock phases, then the 
effective sampling rate could be twice the clock frequency. 
The bilinear transform integrators of Ternes et 01. [9] 
achieve this goal but unfortunately are sensitive to 
parasitic capacitances . 

A differential integrator to implement the LDI transfer­
mation which has a sample rate equal to twice the clock 
rate, is = 2ie' is shown in Fig. 4(a), where VI is the nonin­
verting integrator input a nd V 2, the inverting input. Dou­
bling the effective sample rate is accomplished by putting 
two sampling capacitors with opposite clock phases in 
parallel. Thus charge is fed into the feedback capacitor on 
both clock phases. In so doing, each clock phase is consid­
ered as one full delay period. This circuit is described by 
the following difference equation: 

C2 V3 [ (n+ I)T,] = C2 V3(nT,) + c,VI(nT3) 

- C I V2 [(n + I) T, ] (II) 

in which 
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In terms of a-transform, we can write 
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FIg. 4. (a) LDI integrator which utilizes both clock phases. (b) Corre­
spending z-domain block diagram . 

(12) 

This can be put into block diagram form as shown in Fig, 
4(b). From this, we see that it takes one delay for the 
signal to go from the noninverting input to the output 
whereas there is a delay-free path for the inverting input. 

In the ladder structure, integrators are connected in a 
leap frog manner. As before, each loop consists of an 
inverting and non inverting integrator. Thus, there is one 
delay in each loop, corresponding to the LDI configura­
tion. 

IV. LDI LADDER TERMINATIONS 

A. The LDI Termination with an ExIra Half Delay 

The 
" 
integrators described in the previous section can be 

used to implement the LDI transformation exactly 
throughout the ladder. Unfortunately, this is not true for 
simulation of the resistive terminations. 

The load termination of a doubly terminated LC ladder 
is shown in Fig. 5(a). Its signal-now-graph representation 
(4), [51 is shown in Fig. 5(b). This can be redrawn as Fig. 
5(c) after resistive scaling. Using the LDI transformation 
as defined by (I), the z-domain flow diagram is shown in 
Fig. 5(d) which then can be represented in block diagram 
form as in Fig. 5(e), An ideal LDI termination would then 
resemble thi s block diagram which dictates half a cycle 
delay in the termination feedback loop. Yet, since 
terminations in the LDI ladder are realized by the type of 
circuit shown in Fig. 6(a), it requires one fully delay to go 
around the termination, thus effectively adding half a 
delay to that loop. The circuit in Fig. 6(a) can be de­
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that for the case with extra half delay terminations, we 
have errors on the order of wTc whereas for the case of 
complex-conjugate terminations, we have errors on the 
order of (wTcf Thus, we would expect complex-conjugate 
terminations to yield less error, as readily demonstrated in 
Fig. 7. 
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