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INTRODUCTION

In this work, we combine the advantages of silicon-on-insulator (SOI) technology with
asynchronous design techniques to assess the overall benefits in reducing power. A 16-bit self-timed
adder is employed as the demonstrator circuit. At the technology level, fully-depleted SOI offers
advantages compared with bulk CMOS. These arise due to lower subthreshold slope, lower vertical
electric field hence enhanced channel mobility and reduced junction capacitance. The superior off-
state current of SOI enables the threshold voltage to be lowered enhancing the current drive
properties of SOI technology and enabling further power reduction without the loss of performance
(1). At the architectural level of design, the adoption of asynchronous timing rather than a global
clock reduces power. Here, the synchronous clock is replaced by local handshake signals between
blocks. Although asynchronous control tends to be larger than in synchronous systems, significant
power savings should result as the clock generation, drivers, and distribution are consuming around
one third of the power in large, complex, high performance systems (2).

ASYNCHRONOUS PROTOCOL

An asynchronous approach encourages a modular design, whereby circuit blocks operate
independently of and concurrently with other blocks at their fastest natural rate. Fig. 1 shows the
commonly used bundled data method of communicating between blocks. Valid input data to the
block is indicated by a ‘Request In’ signal. The data remains valid until the block signals
‘Acknowledge In’ to the driving block. After allowing the block to operate, ‘Request Out’ signals
the readiness of the output data and this data must remain constant until ‘Acknowledge Out’ from the
receiving block. A four-phase protocol where the activation of the Acknowledge causes the Request
line to be lowered which in turn causes the Acknowledge line to be deactivated, is highly suited to an
ALU block. Here, the Request In signal can act as a Start signal for the arithmetic operation while
Completion is used to form Request Out. In generating a Request Out signal, it is necessary to detect
when the block has completed its operation. Techniques commonly used include a matched delay, a
dummy-bit data path or self-timing. The latter is possible in blocks such as the adder where the
completion time is data dependent.
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Fig. 1: Asynchronous Protocol
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ADDER DESIGN

A circuit common to many synchronous and asynchronous designs is a fixed-point adder for integer’
operations. Thus although many different adder types can be constructed (3), almost all involve
techniques for speeding up the propagation of the carry path from the least to the most significant
bit as this determines the adder performance. In most systems, the adder block is on the critical path
requiring that its performance is comparable to that of the other blocks. The AMULETI1

microprocessor adopted a simple ripple adder approach for its 32-bit dynamic adder since analyses

showed an average carry path length of around 12 bits (4). The schematic for one bit of the 16-bit
static ripple adder for SOI & bulk technology is shown in fig. 2. The sum is formed by performing

the XOR of the 2 data inputs (A & B) and the carry in (Cin). A multiplexer is used to form the
carry out. If the two data inputs are equal, the carry out (Cout) is known regardless of Cin and is
equal to A and B. If A and B are not equal, Cout is equal to Cin and will not be correct until Cin

arrives. The states of A & B are also used to drive the carry valid logic for the stage (two Nand
gates). If A and B are equal, not only is Cout known but it is valid for the stage and assuming the
Start signal is active, the stage indicates the carry is valid by pulling it's Vout low. The carry valid
logic propagates in an exactly similar way to the propagation in the carry path. Completion of the
addition operation is denoted when all stages indicate that their carry is valid. It is only necessary

to use the valid signal from every other stage due to the propagation delay through the completlon
circuit (fig. 4). Once start is lowered, all valid signals go high, the completion signal is removed
and the adder is ready to restart.
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DEVICE MODELS AND CIRCUIT SIMULATION

The bulk circuit simulation results were obtained by using Mitec 2 pm models in conjunction with
Cadence 4.4.3., with 1.5 pm channel lengths The devices were fully-depleted with accumulation
mode PMOS and enhancement mode NMOS. The front oxide thickness was set equal to that of the
SOI device, 20nm, and the threshold voltage (V1) was reduced via the "vto" model parameter (5).
Note that this allows a direct assessment of the intrinsic advantages (mobility and capacitance) of
SOI compared to bulk. It does however, result in a much reduced ‘off-current’ for the bulk device.
The model parameters for the SOI simulations were extracted from TMA Medici v2.0.2 simulations
and the good agreement with HSPICE can be seen in Figs.5 & 6. The SOI adder simulation results
were obtained using SOISPICE 4.4 under HSpice 99.2. To reduce any unfair advantage between
the two technologies the leakage currents when the gate to source voltage was equal to 0V were
kept approximately the same (6pA for PMOS & NMOS). The threshold voltages of SOI-PMOS
devices undergo an increase as the supply voltage (source voltage) is reduced because the effective
substrate bias is reduced. Therefore, the SOI-PMOS Vit's were adjusted to be always equal to -
0.35V for each value of supply voltage by using the VFBF parameter (6). Simulations were
conducted with aspect ratios of all devices set at unity for maximum power reduction. Further
simulations were conducted after a degree of optimisation for power/throughput whereby aspect
ratios of the transistors that were not in the critical time delay path were fixed at umty and other
. blocks were ‘speeded up’ by judicious increase in appropriate aspect ratios.
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Fig.5: NMOS Device model verification Fig.6: PMOS Device model verification

The simulations were conducted with 'carry in' equal to logic 1, all 16 bits of input A equal to logic
1 and all 16 bits of input B equal to logic 0. This represents a worst-case condition. The delay
through the adder was taken between the time when the inputs, A & B, were correct and the
complete signal going high, taking the 50% points as the reference. The energy per operation
refers to the energy consumed by the adder during the longest carry operation. The energy
consumed was logged through the use of an integrator circuit (7) and was measured between the
time when the carry in and A5 were all going high, By.;s were going low and the complete signal
was switching from low from high The energy required to reset the adder so that it 1s ready for its
next operation was also included in the calculation.

RESULTS & ANALYSIS

As expected the unity aspect ratio adder on SOI technology offers reduced energy consumption and
superior time delay over bulk, as shown in Fig.7. The SOI adder has a delay of 5ns at 5V compared
to bulks 14ns - a factor of 3 difference. For a reduced supply voltage of 1.5V the SOI adder
maintains its relative performance advantage over the bulk (16ns while the bulk is 47ns). The SOI
adder uses 40% less energy than bulk at 5V and this increases to 52% at 1.5V. For the optimised
bulk adder the delay reduces and the energy consumed by the adder increases in respect of the unity
adder, Fig. 8, a delay of 14ns at 5V before optimisation being reduced to 8.1ns. The SOI delay
improves with supply voltage because delay is proportional to load capacitance and inversely
proportional to the transistor drive. The SOI enhancement NMOS transistor drive advantage over
bulk reduces with decreasing supply voltage however, because the accompanying reduction in the
vertical field has more leverage on bulk mobility than that of SOL The contribution of bulk
conduction in the case of accumulation mode SOI-PMOS is thought to result in the enhanced
current drive at lower voltages.
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The delay and energy results of the two adders were compared. The delay of the bulk adder was
reduced by 40-45% (supply voltage range 1.5V to 5V) due to optimisation while the energy
increased from 10-15% over the same voltage range (Figs.9 and 10). The SOI adders delay is
reduced by 20-25% while it uses 20-25% more energy. There is more leverage to optimise the bulk
design than compared to the SOI design.

g £,

£ 28 T T T T T w50 s | !
£ : ' ] 3 s M 2 o
i= i

P se

L4 S

2 S

T 16 z

B 3

g1 g%

e i

210 N ‘?=l EE >

g 9 _!-—-Y E i

2 9 i i £ i U 0N

€8 gao

ETy 45 2 28 3 35 4 45 5 1 15 2 28 3 35 4 45 5

Supply voitage (V)

Supply voltage (V)
Fig9: Increase in energy due to optimisation

10: Improvement in delay due to optimisation

&

The energy-delay data for the 4 versions of the
adder can be seen in figure 11. As the plots have .
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Figl1: Energy-delay plots for the 16-bit self timed
(‘reset’). The energy required to reset the adder  adder

for the two supply voltages stated consumes about

a fifth of the total energy for both SOI and bulk adders. The energy used by the first XOR gate in
the SOI adder is a higher proportion of the total energy compared to bulk (approx. 40% for SOI
compared to approx. 30% for bulk). - It is worth noting that only 40% of the energy used by the SOI
adder (50% for bulk) is actually being used for the carry ripple and validation circuitry.

The results for the SOI unity aspect ratio adder at 5V are a little confusing as there are is an XOR
gate and 2 inverters in the XOR circuit while there is an XOR, a multiplexer, an inverter and two
NAND gates in the Carry circuit. When all the A inputs switch at the same time (A0-A1S5 in Fig.14)
a large current spike is apparent in the current drawn from the supply. The magnitude of this spike
is greater in SOI than in bulk due to the higher drive of the SOI transistor, 14mA compared to 9mA
(Fig. 14), although the energy dissipated during switching is 67pJ for bulk and 56pJ for SOI. The
magnitude of this current spike for the SOI case is much reduced during the carry-ripple phase of
the adder: 1.25mA compared to 14mA.
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Fig. 12: A breakdown of the energy consumed by the adder

The adder only consumes 22pJ of SUMMING CIRCUIT VALIDATION CIRCUIT
energy in this mode. Figs. 14,15 & 16
indicate the reason for the large current
spike. Referring to Fig.13, consider the
propagation of data through one bit of
the adder and subdivide each bit into
three sections: namely the first XOR
gate; the multiplexer and second XOR
gate; and finally the validation circuit.
All three stages draw current from the
supply during the same period of time,
resulting in a large current spike. The
“INV” data in figure 14 relates to the  gye13. TBit of the adder displaying the different sections of the
inverter in the first XOR gate. As all  adder used in figs.14-16

of the B inputs are grounded the other

inverter in the first XOR gate draws negligible current. The “XOR” data in figure 14 refers to
current entering the logic circuit after the two inverters in the exclusive OR gate.
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Fig. 14: Total current & input gate current consumed by the bulk (left) and SOI (right) unity aspect ratio adder.
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Current due to the carry clrcuitry (1 multiplexer, 4 XOR, 1 inverter) ‘ l;llﬂul1m1hv-h')

(BULK MANSTA_150 - unity apect ratio) (sallmsrA_lso uww
' ~ “
s /. * 8 s ,\ - — .
47
‘ A I ‘ 7 "
£ {s £ s W \ s 2
., 3
§ ~ AN : P / 2
S, . /q\ 13 5 S, y; .§< \ . 4 _5>,
AN AN
1f N 41 ’ .
ﬁ\\\:. : 0 ; \% %i 0
0 ek 4 H
184 185 156 %7 188 189 O st me 1ies m WS e 185 1180
Time (ns) Time (ns)
—— ADATS —o—Total carry cumment  ~—+— CAR_INV = AG-ATS —o— Total canry cumrent  —+— CAR_INV
. ==—Total current —== Multiplexer ~— SUM_XOR —d— Total current —8— Multiplexer —+— SUM_XOR

Fig. 15: Total current & total carry current consumed by the bulk (left) and SOI (right) unity aspect ratio adder.
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Fig. 16: Total current & total validation current consumed by the bulk (left) and SOI (right) unity aspect ratio
adder.

The above displays a need for SOI circuits to have the capability of handling large current spikes,
which may not occur in bulk circuits. This will relate to wider metal tracks and more vias & -
contacts than required in bulk CMOS design. Hence, the SOI designer needs to be extra careful
when using global signals in SOI circuits, which activate circuits at the same time. The latter is a
good case for using asynchronous design for SOI compared to synchronous design.
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