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1. Dynamic Logic

The following circuit implements a 1-bit datapath function in dynamic logic.
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Figure 1. One-bit datapath.

a. Write down the boolean expressions for outputs F and G. On which clock phases are outputs F and G valid? When are the inputs (A,B, Cin) allowed to change (so that the circuit works properly)?

F = AB + ACin + BCin 

G = A ( B ( Cin

Both gates are evaluating when CK is low. During this period inputs are not allowed to change (only low→high transitions would be allowed in the calculation of F while only high→low transitions would be allowed in the calculation of G. One of these two conditions would be violated if inputs changed during CK low).

b. What is the purpose of transistor M1?

M1 predischarges the evaluation node (A+B+Cin) to ensure that there is no charge sharing between this node and G – otherwise false high values at the output might occur.

c. How can the evaluation phase of F be sped up by rearranging transistors? (no transistors should be added, deleted or resized)

From part (a) you can see that this is a full adder. The PDN of F consists of two sections in series – one is turned on for (!A+!B), the other for (!Cin + !A•!B). By switching the order of these sections, the !Cin transistor can be placed next to the output. If we assume that the Cin signal comes latest, the gate will evaluate faster if the lower section, which only depends on A and B, is already discharged. Therefore, simply switch the order of the two sections to put Cin closer to the output.

d. Can evaluation of G be sped up in the same manner? Explain your answer.

No. If the evaluation of F has to wait for Cin (A=!B), this input combination means that G only has to wait for F to evaluate (the value of Cin doesn’t matter in this case for the rest of the PUN for G). In this case, there is no way to speed up evaluation by rearranging transistors in the G stage. If evaluation of F doesn’t depend on Cin (A=B=1), the evaluation of G will; Cin in the G stage is already placed next to the output, and so rearranging won’t help. In the final case, when A=B=0, it turns out that F may evaluate before Cin arrives. In this case you might be tempted to move the PMOS transistor controlled by F higher in the PUN, in order to bring Cin closer to the output. However, the first case considered (A=!B, where F is the latest signal to arrive) is statistically more probable than A=B=0, so we would do best to leave things as they are.

2. Static Registers, Sizing, and Timing

For a particular instance of the register shown in Figure 2, the source driver for input D is an inverter. Assume the cross-coupled inverters are all minimum-sized (Wp=2Wn),
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Figure 2. Static register.

a. Find a sizing constraint on the source inverter and pass gate that ensures proper functionality for storing a “0” (ignore body effect).


The driving stage and pass transistor must be able to bring the input of the top inverter below its switching point in order to store a zero. During this transition, there is a direct path between VDD and ground through the series combination of the inverter NMOS and pass gate, and the PMOS in the bottom feedback inverter (figure 2b). To simplify the analysis, we assume the PMOS remains fully on (ignore the feedback, which makes our constraint slightly tighter than necessary).

 
Since we are free to pick any sizes for the pass transistor and driving inverter, it is simplest to make them the same size. Assuming 0.25um technology, and Vdd=2.5, the switching point for the inverter will be Vm=1.25V. Ignoring body effect, and noting that the current through the NMOS will be equal, we expect Vds for both to be Vm/2 = 0.625, right at velocity saturation.
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Figure 2b. Path of contention.


Using these node voltages, and PMOS W/L=2 (also velocity saturated), we can set up a current equation and solve for the NMOS W/L. Ignoring channel length modulation does not cause much error in this analysis.

Ip = In1 = In2 → kp’(W/L) pVdsatp(Vdd-Vtp-|Vdsatp|/2) = kn’(W/L) nVdsatn (Vm-Vtn-Vdsatn/2)

Using parameters table 3.2 of the reader for a 0.25um technology yields (W/L)n > 2.6.

(The more precise PMOS W/L=0.6/0.25 gives NMOS W/L>3.1).

b. How might you redesign the register to relax the sizing requirement on the driving stage?

In order to make the driving stage smaller, we must weaken the feedback inverters. Since they are already minimum size, we can increase their length. 

c. Given that the delay through the transmission gate is tTX, and the delay through each of the inverters is tINV, find expressions for the set-up time tSU, propagation delay tCLK-Q, and hold time tH for this register.


Set-up time is tTX + tINV; any incoming data when the first stage is transparent must arrive before the clock edge with enough time to propagate through both in order to be stable and ready for sampling at the second stage. The hold time is zero; the first stage of the register closes at the clock edge, shielding the sampled value from the input.

3. True Single-Phase Clocking (TSPC)

a. One of the additional benefits of TSPC is the ability to integrate logic functions within the latch. Design a positive, split-output TSPC latch that computes and stores a sum, given input signals P (propagate) and Cin (carry-in) from an adder stage.  


The computation of a sum from generate and propagate signals is 


S = P ( Cin

This can be implemented in positive, split-output TSPC as shown below. When the clock signal is low, the first stage can evaluate, but these changes cannot switch the output (the second stage transistors can be turned off, but never turned on).
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4. Schmitt Trigger

Consider the circuit below. The inverter is ideal, with VM=VDD/2 and infinite slope. The transistors have (VT(=0.7V, kn=20 (A/V2 and kp=8 (A/V2. M1 has (W/L)1=1. Ignore all other parasitic effects in the transistors (including velocity saturation).
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a. As V​IN  goes from 0 to VDD and back to 0 explain the sequence of events which makes this circuit operate as a Schmitt Trigger.
Call the intermediate node in the trigger (between the two inverters) Vx.

If Vin = low → Vx = high → Vout = low → M3 off.

As Vin increases, Vout will switch when the output of the first inverter goes below Vm, which is caused when Vin > Vm.

When Vin = high → Vx = low → Vout = high → M3 on.

As Vin decreases, Vin has to decrease below Vm in order for the PMOS M2 to be biased strongly enough to overpower NMOS M1 and M3 in parallel, and bring Vx above Vm. At this point Vout switches low and M3 shuts off, allowing Vx to go completely high.

b. Find the value of (W/L)2 such that when VIN increases from 0 to VDD the output will switch at VIN=3V.
For increasing Vin, this is just a simple inverter sizing problem (NMOS M3 is off). For M2, |Vgt| = |Vgs-Vt| = (5-3)-0.7 = 1.3V, and for M1 Vgt = 3 – 0.7 = 2.3V. The sizing (W/L)2 is found by equating the currents through the two transistors (ignoring velocity saturation, channel length modulation, etc), such that:

I2 = I1 → 0.5 (W/L)2 kpVgt2 = 0.5 (W/L)1 kn Vgt2  → (W/L) 2 = 7.8

Notice that saturation current equations are used, since Vds for both M1 and M2 equals Vm=2.5V, greater than Vgt for either (2.3 or 1.3V).

c. Find the value of (W/L)3 such that when VIN decreases from VDD to 0 the output will switch at VIN=2V. If you don’t trust your value from b., you may use (W/L)2=5.
When Vin is decreasing, we must consider NMOS M3 on and fighting with M2. With Vin = 2V, M2 (Vgt = 2.3V) and M1 (Vgt = 1.3) are still saturated, but M3 is in the linear region (Vgt = 5 – 0.7 = 4.3V > Vm = 2.5V). 

Again equated the currents,

I2 = I1 + I3 → 0.5 (W/L)2 kpVgt2 = 0.5 (W/L)1 kn Vgt2  + 0.5 (W/L)3 kn [(VDD-Vt)Vm-Vm2/2]


→ (W/L) 3 = 1.94

If you used (W/L) 2 = 5, → (W/L) 3 = 1.17.














