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Abstract—This paper describes the development of a complementary GaAs Pow-
erPCTM  microprocessor suitable for space applications. Motorola’s 0.5µm Comple-
mentary GaAs (CGaAsTM ) process was selected as the semiconductor technology
because of its unique abilities to meet the requirements of space and satellite system
Recently published findings indicate that CGaAs has a power-delay product of 0.01
µW/MHz/gate. Additionally, the CGaAs process is resistant to single-event upset
(SEU) (10-9 to 10-10 upsets/bit-day), total dose radiation (108 rads), and latchup.
These properties make CGaAs attractive for space and satellite applications. How-
ever, CGaAs presents design challenges such as reduced power-supply voltage, ga
leakage, subthreshold drain-source leakage, and low integration level, all of which
impact digital circuits. The processor architecture described in this paper is driven
by the constrained integration level. Architectural simulations reveal that an accept-
able level of performance can be reached by efficiently utilizing the resources avail-
able. The processor implements a small on-chip primary instruction cache and a
larger off-chip primary data cache. The instruction fetch mechanism is guided by a
small two-level dynamic branch prediction mechanism. Computation is performed
by a small superscalar execution core. The architecture, running at 200MHz, is capa-
ble of achieving 153 MIPS, translating to a 27% performance increase over a compa-
rable traditional pipelined microprocessor. Researchers at the University of
Michigan have designed a prototype CGaAs 32-bit PowerPC microprocessor based
on this architecture, which is now being fabricated. This paper will summarize the
advantages and design challenges of developing a radiation-hard CGaAs micropro-
cessor. The constraints and limitations of the technology as they affect system archi
tecture will be discussed. Architectural features that improve the performance of the
processor despite the limited integration levels will be presented.

I. INTRODUCTION

Our society is becoming highly dependent upon satellites. We rely upon satellite
everything from cellular phone conversations to military defense systems. The failu
the Telstar 401 satellite in January of 1997 underscores how vulnerable microelectr
in space are to the effects of solar disturbances. The number of communication sa
licenses granted by the FCC indicate that over one thousand satellites could be lau
into low-earth-orbit over the next five years [1]. Microelectronic components in these
tems must be resistant to total dose radiation, single-even upset, and latchup in or
accomplish their missions.

Radiation hardened (rad-hard) electronics have been operating in space since the
ning of the space program decades ago, but the demand for inexpensive, high-volum
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hard ICs is expected to increase dramatically as the communication market continu
expand. Traditional CMOS processing can be enhanced to render the IC radiation tol
but the cost of rad-hard CMOS ICs can be 10 to 100 times that of commercial CMOS
In light of the increased cost, alternative technologies such as silicon-on-insulator, sil
on-sapphire, and gallium arsenide must be considered. Complementary gallium ars
(CGaAs) operates at low voltages, providing a power savings over CMOS, while
being innately rad-hard. CGaAs is also a relatively low-cost alternative; the cost
CGaAs IC is approximately 5 times that of a similar high-volume commercial CMOS
[2], but significantly less than that of a rad-hard CMOS IC.

In this paper we explore the use of CGaAs processing elements for space-based a
tions. Section II summarizes the technological advantages of CGaAs and address
disadvantages and design challenges the technology presents. Section III presents
related to system architecture. Section IV describes architectural trade-offs aim
improving processor performance while operating under the resource-limited design
straint. A prototype CGaAs microprocessor developed by a team at the Universi
Michigan is presented in Section V. The final section summarizes our work.

II. COMPLEMENTARY GAAS TECHNOLOGY

The application of CGaAs, a complementary heterostructure-insulated-gate FET
nology, for high-speed VLSI circuits has been described recently [2]. A sketch of
device structure is shown in Fig. 1. CGaAs integrates an enhancement-mode P-ch
HFET with a high performance N-channel HFET. Historically, the primary interes
GaAs and other III/V materials has been their high electron mobilities. While holes in
V materials do not enjoy an intrinsic mobility advantage over those in silicon, the pse
morphic P-channel HFETs in this process have three to five times higher transco
tances at given gate dimensions than their silicon counterparts. The current C
process has three levels of Al-Cu interconnect. Standard gate lengths are now 0.7µm and
0.5µm; typical parameters for 0.7µm channel-length devices with±0.55V thresholds
(measured with Vdd = 1.5V) are given in Table 1. As seen in the table, both N and P c
nel devices have good output conductances and pinch-off characteristics.
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A low temperature GaAs (LTG) layer is used in the HIGFET structure to guard aga
charge collection from ionizing particle radiation [3]. Its epi structure makes the CG
process resistant to single-event upset (SEU) and latchup. Complementary logic in C

is resistant to SEU with fewer than 10-10 upsets/bit-day and it will not latchup, even a

1012 rads. The absence of a gate oxide and field oxide in CGaAs makes it resistant to

dose radiation up to 108 rads.
Fig. 2 shows unloaded ring oscillator gate delays versus supply voltage for several

families with ±0.55V device thresholds. The delay of 1.0µm CGaAs is less than that o
commercial 0.5µm CMOS or thin-film silicon-on-insulator (TFSOI), and 0.5µm CGaAs
shows delays below 100ps with a 1.2V power supply. Circuits used for process mon
ing, such as a 32-bit shift register, have demonstrated a power-delay performan
0.01µW/MHz/gate at 0.9V and 0.1µW/MHz/gate at 1.2V.

Table 1: CGaAs Device Parameters [2].

Parameter
NFET

(0.7x10µm)
PFET

(0.7x10µm)

Vth (V) +0.55 -0.55

Idss(mA) 1.8 0.5

gm (mS/mm) 280 60

Beta (mA/V2-mm) 270 50

Subth slope (mV/dec) 75 90

Subth Current (nA) (Vgs=0V) < 1 < 10

N+ Implants
P++ P-Implants

LEC Semi-Insulating GaAs

Note: Drawing not to scale

Ohmic Metal
TiWN Gate

(x=.75)

30Å i-GaAs

250Å i-AlGaAs

150Å i-InGaAs

30Å i-GaAs
Si Delta Doping

2000Å i-GaAs

Oxygen Isolation

Fig. 1: CGaAs process cross-section [2].
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Two key parameters of concern in the CGaAs process are gate leakage and subthr
drain-source leakage, which determine the stand-by power dissipation of compleme
circuits. Drain-induced barrier lowering (DIBL) increases gate current when the drain
source voltage is high, as is the case when a logic input changes state.

A further design challenge results from the low power supply voltages. While low s
ply voltages, particularly when coupled with the comparatively high device thresh
(±0.55V), reduce power consumption, this combination of characteristics reduces
currents of both N and P devices, requiring more time to charge and discharge c
nodes. This is especially detrimental for P devices, which, because of the lower mo
of holes than electrons in the InGaAs channel, have transconductances only 1/4 th
comparable N transistors. This transconductance ratio requires P device geometrie
wider, significantly increasing the input capacitance of complementary logic gates.
high input capacitance and small (Vin - Vth) slow complementary CGaAs circuits. Thresh
old voltages could be reduced, and in fact, have been reduced on experimental wafe
nificantly improving transonductances at the expense of higher leakage currents.

The greatest challenge in designing CGaAs integrated circuits is the low level of inte
tion. Commercial CGaAs circuits of 170K transistors have been demonstrated, an
integration level has been raised to 400K transistors for current designs. Complex
such as microprocessors, require far more transistors than that. The challenge i
CGaAs project was to design the architecture to optimize performance given a lim
integration level, and to partition the design most effectively across multiple chips.

III. SYSTEM ARCHITECTURE

The High-Performance Microprocessor Project at The University of Michigan is de

Fig. 2: Propagation delay of CGaAs, CMOS, and TFSOI versus supply voltage [
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oping a prototype PowerPC system based on CGaAs process technology [4]. A bloc
gram of the system, referred to as PUMA, is shown in Fig. 3. The limited integra
levels of CGaAs force a partitioning of the processor across several ICs. The MCM s
as a high-bandwidth interconnect for the elements of the microprocessor [5]. The
posed system is comprised of an integer processor (FXU), primary data cache (L1-D
a memory management unit (MMU). Perhaps the most critical aspect of the proces
the FXU to primary data cache interface. The following section presents a detailed
of how the microarchitecture was optimized.

IV. M ICROPROCESSORARCHITECTURE

The limited integration level of the CGaAs technology has a profound impact upon
microprocessor architecture. In this section we describe a method for optimizing a s
scalar architecture for the CGaAs process technology. We investigate the perform
impact of stream buffers, data cache and branch prediction configurations, and o
order superscalar execution in the design of a resource-limited microprocessor.

A cycle-level architectural simulator based on ssim [6] was used to evaluate arch
tural trade-offs. The simulator processes a dynamic instruction trace and perfor
detailed performance analysis on various aspects of the architecture. The Spec95
benchmark suite was used as the basis for evaluating performance. The baseline mic
cessor configuration used in the following studies was a dual-issue superscalar mic
cessor with on-chip 4KB instruction and data caches. The baseline model has
execution units (floating-point, integer, branch, load, and store) and the out-of-order
cution core is maintained by a 16 entry integer reorder buffer (and an 8-entry floating
reorder buffer) along with 4 reservation stations per functional unit. The baseline m
does not utilize instruction prefetching or speculative execution. The following stu
evaluate enhancements and trade-offs relative to this baseline configuration. The
for comparison is instructions per cycle (IPC) for the processor. Overall IPC is the
plest measure of the effects of small modifications relative to processor performance

FXU

MMU

PCI
Xface

L2-D (2MB)

DRAM (64MB)

L2-I (2MB)

PCI Bus

MCM

PUMA

Fig. 3: PUMA system architecture.

L1-D (16KB)
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An instruction cache improves performance by taking advantage of both tempora
spatial locality [7]. The limited-resource nature of the CGaAs technology restricts the
of the instruction cache. As an alternative to simply increasing the size of the cache,
means of reducing the instruction miss rate were investigated. Instruction prefetchin
can improve the effective miss rate and also hide some of the miss penalty associate
instruction cache misses. A simple prefetch mechanism is the stream buffer, which fe
consecutive lines of data from the location following a cache miss. When the fetch me
nism requests another data item that is not present in the cache, the stream buffer m
able to provide it. If the access hits in the stream buffer, then the line is supplied to
fetch engine and also copied into the instruction cache.

Fig. 4 graphs the machine performance versus instruction cache size for a varie
stream buffer configurations. A single-entry stream buffer provides a large improve
over the baseline machine. Stream buffers consisting of two and four entries provide
tional performance improvements, but beyond four entries no noticeable performance
is seen. The simulations show that, in general, a single-entry stream buffer can ap
mately double the effective size of the instruction cache.

Fig. 5 shows that a stream buffer also improves performance by hiding some o
latency incurred on a primary instruction cache miss. This figure shows processor p
mance for various stream buffer configurations and memory subsystem latencies. A
gle-entry stream buffer compensates for an additional eight cycles of secondary
latency. Also note the slope of the performance curves corresponding to the various s
buffer configurations. The slope of the baseline processor with no stream buffer is gr
than that of the other configurations, indicating that the stream buffer reduces the sen

Fig. 4: Stream buffer compensating for reduced instruction cache size.
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Our limited-resource design constraint dictates that the primary data cache be ei

small on-chip cache, or a larger off-chip cache. The off-chip cache, by virtue of its la
size, achieves a lower miss rate than the smaller on-chip cache. This can transla
improved performance provided the additional off-chip latency does not negate the
fits of the lower miss rate. Fig. 6 plots the performance of the baseline machine with
ous data cache sizes and access latencies. An on-chip configuration would have a
cycle latency. An off-chip cache may have a three-cycle latency, one cycle each for t
mitting the index, accessing the array, and receiving the data. From these simulation
general rule is that to maintain a given level of performance, the data cache must dou
size for every additional cycle of latency incurred. An off-chip (three-cycle latency) d
cache must be 16KB to provide the same performance as a 4KB on-chip (single-c
data cache. Processors that are unable to incorporate a data cache on the main
place the cache off-chip provided that the interconnection is relatively high-speed an
cache is made large enough to compensate for the additional latency.
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Fig. 5: Stream buffer compensating for increased memory latency.
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Perhaps one of the most powerful techniques for achieving high performance is spe
tive execution, allowing the microprocessor to execute past unresolved branch instru
to achieve a higher degree of instruction level parallelism. Predicting the outcome
branch instructions with only 50% accuracy would increase performance by 70%, w
perfect prediction would provide a 117% improvement. Modern commercial micropro
sors, such as the Alpha 21264 [9], use approximately 36K bits of branch prediction h
ware to attain a prediction accuracy of 99%. Such a hardware intensive solution bec
impractical in a resource-limited microprocessor design. Fig. 7 shows the relation
between prediction accuracy (in terms of misprediction rate) and predictor cost, bas
our simulations. The configuration labeled array is a simple array of two-bit counters
The other schemes, GAg, GAs, SAg, SAs, PAg, PAs, and gshare, are two-level ad
schemes [11]. These schemes are variations of the two-level branch predictor in wh
branch history register (BHR) is used to index into a table of two-bit branch predic
(PHT). The schemes in the study differ on the number of BHRs and PHTs used. The
ple counter scheme outperforms all two-level predictors at very low costs (below 1K-b
However, above 1Kb, the two-level schemes are generally superior. A 1KB gshare pr
tor can achieve 90% accuracy; this is a simple and efficient enhancement to a res
limited microprocessor.

Fig. 6: Effects of increased primary data cache latency on overall performance.
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The results of the previous studies, along with an additional investigation into
parameters that govern superscalar execution, were used to propose two micropro
architectures requiring fewer than 1M transistors each. The configurations for the two
posed architectures, extra-small and small, are summarized in Table 2. The two proc
take advantage of both instruction prefetching and speculative execution. The extra-
architecture uses a two-entry stream buffer along with 256B of branch prediction h
ware (86% prediction accuracy). The small architecture uses a four-entry stream b
and 1KB of branch prediction hardware (90% accuracy). The extra-small machine h
off-chip 16KB data cache with a 3 cycle access latency while the small processor h
on-chip 4KB data cache. The table also summarizes the performance relative to a c
rable sequential-pipelined microprocessor and the baseline machine. The three ar
tures improve performance over a sequential pipeline by 10 to 40%. It is important to
that the extra-small design, with only half as many transistors, is able to outperform
baseline processor by almost 20%. The small architecture, with a transistor budget n
equal to the baseline machine, improves performance by 45%.
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Fig. 7: Effects of predictor cost on misprediction rate.
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V. CGAAS 32-BIT MICROPROCESSOR

A prototype of the architecture proposed in Section IV has been designed in Motor
0.5µm CGaAs process. The goal of the prototype microprocessor was to demonstrat
bility of both the architecture and the technology. The processor is a 32-bit Powe
Fixed-Point Unit (FXU). Because the current CGaAs process technology is able to su
integration levels of only 400K transistors, the proposed architecture was simplifie
removing instruction prefetching, and speculative, superscalar, and out-of-order e
tion, architectural elements needed to implement these features are still included
design. The processor was designed using a standard cell library and a customized v
of the EPOCH tool suite [12].

A plot of the physical layout and performance statistics for the FXU are presente
Fig. 8. The die size is large, 13 x 11 mm, owing in large part to the coarse CGaAs de
rules, and compounded by the inefficiency associated with constructing a microproc
entirely of standard cells. As this paper is being written, the design is still in fabricat
Static timing analysis predicts that the processor will operate at 73MHz, while power
mates show a consumption of 2.1 W when operating from a 1.3 V supply. The FXU is
first microprocessor developed in the CGaAs process technology. This design exa
shows the potential for a commercial microprocessor in the CGaAs technology.

Table 2: Hardware budget of various machine configurations.

parameter baseline extra-small small

superscalar width 2 2 2

branch predictor (KB) 0 0.256 1

reorder buffer (entries) 16 8 12

reservation stations (per functional unit) 4 2 3

branch target buffer (entries) 0 64 128

dcache size (KB) 4 0 4

stream buffer (entries) 0 2 4

icache size (KB) 4 1 2

transistors (K) 1035 503 1003

instructions per cycle (IPC) 0.6410 0.7642 0.9296

MIPS (at 200MHz) 128 153 186

advantage over sequential pipeline 1.1033 1.2749 1.399

advantage over baseline configuration 1.0000 1.1922 1.450
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VI. SUMMARY

The CGaAs process provides a low-power, radiation-hard, and relatively inexpe
alternative to design systems suitable for space applications. To overcome the low in
tion levels of the CGaAs process, key elements of the system were partitioned acros
eral ICs.

The architectural simulations show that implementing a limited-transistor supers
microprocessor in CGaAs is practical. A stream buffer was shown to be a relatively i
pensive means of increasing instruction cache performance. The studies proved tha
gle-entry stream buffer more than doubled the effective instruction cache size,
compensated for an extra eight cycles of secondary cache latency. Simulations have
that an off-chip data cache is able to outperform a smaller on-chip cache, despite the
tional access latency. As a general rule, the off-chip cache must double in size for
additional cycle of memory latency, as compared to an on-chip single-cycle cache s
ture. Studies of branch prediction configurations with limited hardware costs dem
strated that 90% prediction accuracy could be achieved with a memory structure of
1KB. Finally, two proposed microarchitectures were shown to significantly outperform
traditional sequential pipeline, proving that efficient superscalar architectures ca
implemented with fewer than 1M transistors. A 500K-transistor design outperformed
sequential pipeline by 27%, while a 1M-transistor design provided a 40% improvem

The development of a prototype CGaAs microprocessor validates the proposed arc
ture and shows that digital CGaAs is a viable technology for microprocessors targete
space applications.

• 32-bit Power PC

• 1KB Icache / off-chip
16KB Dcache

• 0.5µm CGaAs, 3 layer
metallization

• 383,027 transistors

• 13.1 x 11.4 mm die

• 73 MHz

• 2.1 W @ 1.3 V

• 288 pins (228 I/O)

• 391-pin PGA

• 250 area I/O pads

• Standard cell design

• Full complementary
circuit design

Fig. 8: CGaAs prototype microprocessor design statistics.
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