1GHz 64-bit high-speed comparator using ANT
dynamic logic with two-phase clocking

Indexing terms: Noninverting block, Parallel comparator, Two-phase clocking

Abstract: A high-speed 64-bit comparator using
two-phase clocking dynamic CMOS logic with
modified noninverting all-N-transistor block is
presented. The pull-up charging and pull-down
discharging of a comparator unit are accelerated
by inserting two feedback MOS transistors
between the evaluation N-block and the output.
Detailed simulation results reveal appropriate
L/W guidelines for the all-N-transistor block
design. To increase throughput a parallel tree
structure with two-phase clocks is employed. The
comparator units of two adjacent layers are
triggered by two out-of-phase clocks so that their
individual outputs are pipelined without using
extra hardware, e.g. latches. The operating clock
frequency is 1.0GHz while the compared output
of two 64-bit binary numbers is done in 3.5
cycles.

1 Introduction

High-speed operation has long been a target of circuit
design owing to the speed demand of supercomputing,
CPU, ete [1, 2]. One of the critical operations is the
comparison of two binary data. For instance, the con-
ditional JMP and MOV instructions of x86s, the prior-
ity encoders, BAM data retrieving [3], and so on.
Theoretically, the fastest comparator is made of full
combinational logic gates. However, the gate count and
the area will be a problem when the length of the data
is very large, e.g. n = 64. Meanwhile, the limited fan-in
and fan-out is another impractical factor for the reali-
sation of such a combinational comparator.

CMOS dynamic logic is one of the promising options
to challenge GHz operations [4] for comparator design.
Other logics suffer from different difficulties. For
example, domino logic [I] cannot be noninverting;
NORA [5] has the charge-sharing problem; all-N-logic
[4] and robust single-phase clocking [6] cannot operate
correctly under clocks with short rise or fall times,
which cannot be easily integrated with other parts of
the logic design; single-phase logic [7] and Zipper
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CMOS [8] contain slow P-logic blocks. We propose an
all-N-transistor (ANT) noninverting function block for
high-speed design. A parallel comparator using ANTs
arranged in a tree structure and triggered by two out-
of-phase clocks is implemented.
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Fig.1 Schematic diagram of ANT logic

2 High-speed 64-bit comparator

2.1 All-N-transistor function unit

Although the N-block dynamic logic intrinsically pos-
sesses high speed [4], it is not good enough for opera-
tion in the gigahertz range. The reasons are first, the
slopes of the clock™s edges must be gentle, and sec-
ondly, the number of stacks in the evaluation N-block
severely affects the size of all the transistors in the unit.
Hence a modified dynamic logic is presented in Fig. 1.
The feature of this modification is the feedback transis-
tor pair P3 and N3 between the evaluation block and
the output. In short, P3 and N3, respectively, provide
an extra charge and an extra discharge path such that
the speed of the evaluation can be accelerated. The
ANT in Fig. 1 is noninverting. The detailed operation
of the ANT is described as follows:

(i) When clk = 0, Pl is on and the gate of P2 is pre-
charged to be V. Then P2 is off and N4 is off. This
makes the output remain at its previous state.

(1) When c¢lk = 1 and the N-block is evaluated to be
‘pass’, the charge at node a should be ground through
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the N-block and NI, theoretically. Note that N4 is on
and N2 is also on at the beginning. If the previous state
of the output is high, N3 will be turned on via N4, This
means that N3 provides another fast discharge path for
the charge at node 4. When the voltage at node a falls
below the threshold voltage of PMOS, P2 and P3 turn
on. The output will then be charged to V¥, via paths P2
and P3, N4.

(iii) When clk = 1 and the previous state of the output
is low and the N-block is evaluated to be ‘pass’, the
voltage at node g falls. When V, - ¥V, > V,,, P3 will be
on such that the gate of N3 is charged to l&‘. Not only
will the charge at node a be discharged faster, but also
the output will be charged to high via P2 and N4.
Summarising (ii) and (iii), the output will be high when
the N-block is evaluated ‘pass’, i.e. ‘1", during clk = 1.
(iv) When clk = 1 and the N-block is evaluated to be
‘stop’, the charge at node a should be kept if the previ-
ous output state is low. There will be no discharge path
for node a because N3 will be off via N4. If the previ-
ous state is high, the output will be at ground via N4
and N2 before the voltage at node a starts to drop.

Hence the output will be low when the N-block is eval-
uated ‘stop’, i.e. ‘0, during ¢/k = 1, The function of the
ANT logic block is thus conclusively correct. The feed-
back transistor pair N3 and P3 indeed provide extra
paths for the operations.

Although the descriptions of the (ii) and (iv) appear
contradictory when the previous state of the output is
high, this can be resolved by introducing the design
ratioed to the size of the N-block transistors and N3.
When the clock switches from low to high and the pre-
vious output state is high, the voltage at node b will be
charged through N4, but discharged through N2 ini-
tially. If the voltage at node a drops quickly enough,
N2 will be rapidly turned off. Then the voltage at node
b is solely charged by the output node. Then N3 is
turned on by the voltage at node &, which in turn
becomes another discharge path for node a. In conclu-
sion, the key factor for the proposed ANT logic to be
functionally correct is that the initial discharge speed of
node a must be ‘fast’. This indicates that the resistance
of the paths in the N-block must be smaller than that
of N3 and N2. In other words, one can usc only wide
transistors in the N-block. After running thorough sim-
ulations we present the appropriate size ratio for each
of the transistors in Section 2.2.

Table 1: Sizes of ANT logic block

Transistor L {pm) Wium}
N1 0.6 15

N2 0.6 10

N3 0.6 3

Na 0.6 10

P1 0.6 20

P2 08 20

P3 0.6 6
N-block 0.6 10

2.2 Sizing problem

One of the reasons why other high-speed logic cannot
run correctly given clocks with short rise or fall time is
that the size of each transistor cannot be tuned prop-
erly. Both [4, 6] intrinsically possess this shortcoming,
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which is why they could not use normal square-wave
clocks in the GHz range. The sizing problem of transis-
tors in the ANT drastically affects speed.

Theoretically, wider transistors produce smaller
resistance. We have made several simulations to find
out the best figure of merit for the sizing of each tran-
sistor in Fig. 1, using TSMC 0.6 um SPDM technology
as tabulated in Table 1.

2.3 Two-bit comparator unit

To enhance throughput we adopt the strategy of com-
paring two bits of each word simultaneously. Assume
the bits to be compared are 4,4, and B,B,. The opti-
mised boolean expressions for QUT,0UT, are as fol-
lows:

OUTy = A1 Ap + A1 B, + AoB,
OUTy = B1By + A1 By + A, By

The notation of QUT,OUT,; denotes the following
results:

Table 2: Function table of 2-bit comparator

OUT,0UT;  Result
00 A=8
01 A<B
10 A=B
1 A=8B

The 2-bit comparator unit is shown in Fig. 2. Note
that the 2-bit comparator unit can easily be changed to
an equality checker by XORing OUT, and QUT,,

Fig.2 Schematic diagram of 2-bit compararor unit
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2.4 Two-phase clocking in cascaded units

In the final realisation of the 64-bit comparator the 4-
bit comparator in fact is the basic building block. The
4-bit comparator is composed of three 2-bit compara-
tor units as shown in Fig. 3. The operation is as fol-
lows:

— When clk = 1 or high, the inputs A4;4,4,4, and
B3B,B\B, are fed into the respective units of the first
layer. Their individual outputs will be ready when clk
turns low.

— When c/k = 0, the outputs of the first layer units are
fed into the second layer unit. The final result will be
ready when clk turns high.
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Fig.3  Block diagram of 4-bit comparator

In short, the adjacent layers employ two out-of-phase
clocks to prevent transparency of the data. This implies
that no latches are required in the entire operation or
in the pipeline operations. Meanwhile, since the input
of the next layer and the output of the previous layer is
on the same half cycle, it is twice as fast as using one
clock.

An example of 4-bit comparator waveforms is shown
in Fig. 4. Referring to Fig. 4, we set B; = B, = 0 and
Az = Ay = 82 = Bo =1 and let A| and A3 be periodic
signals with frequency 500 and 250MHz, respectively.
At the high half of the first cycle of the c/k the inputs
are A = 1111 and B = 0101, and then the outputs of
the comparator units are presented to the comparator
unit of the second layer, which is QUT1,0UT1, = 10
and OUT2,0UT2, = 10. They are correct. Then in the
low half of the first cycle, these outputs are fed into the
comparator unit at the second layer. And the result
OUT,0UT, = 10 appears at the high half of the second
cycle.

2.5 Parallel 64-bit comparator

Fully exploiting the ‘half-cycle stealing’ of the ANT
logic, we construct the entire parallel 64-bit comparator
by organising the 2-bit comparator units as in Fig. 5.
The units in adjacent layers alternatively use the out-
of-phase clocks. In total, 63 units are used and the cor-
rect result should be placed at the output after 3.5
cycles. The two out-of-phase clocks are in fact gener-
ated form one clock source. Only one inverter is
required to flip the phase of the original clock such
that the second clock is produced with 180° phase shift.
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Fig.4 Waveform diagram of simulation of 4-bit comparator
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Fig.5 Schematic diagram of 64-bit comparator using ANT logic

3 Performance simulations

To verify the performance of the 64-bit comparator
using the ANT logic with two-phase clocking, we use
the TSMC 0.6um SPDM technology to simulate sev-
eral comparator designs using different logics. The
clock rate is 1.0GHz with 0.01ps rise and fall time. The
results are tabulated in Table 3.

Many comparator operations in microprocessors are
executed by subtractors. Hence we choose a recently
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proposed enhanced domino logic (EDL) [9] for com-
parison, which is included in Table 3. Though the delay
of the EDL is also fast, the area is much too large, i.e.
roughly 3074 x 4 = 12296 transistors. Note that owing
to intrinsic limitations, traditional dynamic logic can-
not operate with 1GHz clock. We use a slower clock
frequency, i.e. S00MHz, to estimate its delay which is
tabulated in Table 3.

Table 3: Performance comparison of different logics

Logic Delay Transistors
ANT 3.5ns 1890
Dynamic (using 500MHz clocks) 14.0ns 1260
Adder/subtractor by enhanced domino [9] 5.4ns 3074 (gates)
All-N-logic [4] Failed 2062

To show the correctness of our delay estimation, an
output waveform in Fig. 6 shows a worst-case compar-
ison of our design, i.e. when 4 = 000...001 and B =
000...000 are presented to the 64-bit ANT logic compa-
raular. Note that the final result 10 appears after 3.5
cycles.
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Fig.6 Worsi-case simulation waveform
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4 Conclusion

We have proposed a novel high-speed ANT logic block
for comparator design. Not only has the correctness of
the function in the gigahertz range been verified, but
also the proper size of each transistor has been tuned
such that the usual square-wave clock can be used to
run the 64-bit comparator. The pipeline-like half-cycle
stealing structure using two out-of-phase clocks makes
the result appear in 3.5 cycles (ns if 1GHz clocks are
used).
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