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Abstract 

• 
Ill 

This paper describes how the design of an asynchronous microprocessor previously imple
mented in CMOS was ported to Gallium Arsenide. Techniques for designing asynchronous 
circuits in Gallium Arsenide are presented. New circuits, used to implement specific func
tions necessary to the design of a full microprocessor, are shown. A novel completion 
tree, and a novel general circuit structure for operators specified by production rules are 
introduced. These circuit were used and tested in a variety of designs, including two asyn
chronous microprocessors and two asynchronous static RAM's. One of the microprocessor 
runs at over 100 MIPS with a power consumption of 2 W. 

Keywords 
Microprocessor, Asynchronous Design, Gallium Arsenide. 

1 INTRODUCTION 

We have developed a design method for asynchronous VLSI that is, to a large extent, tech
nology independent [Martin 86). Thus, it should be straightforward to port a design from 
one technology to another. Also, since the circuits designed are quasi-delay-insensitive, 
they are more robust with respect to variations in physical parameters. Hence, the method 
makes it easier to design in a demanding technology such as GaAs, where parameters of the 
fabrication process - particularly threshold voltages - are difficult to control. Finally, 

G. Saucier et al. (eds.), Logic and Architecture Synthesis
© IFIP International Federation for Information Processing 1995



An wynchro1UJus microprocessor in Gallium Arsenide 331 

since asynchronous circuits do not use a clock, we avoid the complexities of high-speed 
clocking schemes. Adapting our method to GaAs design is an excellent demonstration of 
the advantages of the method. 

From the onset, our intention was to port to GaAs the asynchronous microprocessor we 
designed in CMOS in 1989 [Martin et a/89]. At the same time, we would demonstrate 
the portability of our approach across vastly different technologies, and the efficiency and 
robustness of the design method. 

With an electron mobility about six times that of silicon at room temperature, and with 
a lower parasitic capacitance due to semi-insulating substrate, GaAs is potentially faster 
than silicon. Up until recently, however, GaAs was not available to the VLSI community at 
large because of inherent fabrication difficulties. These difficulties have been overcome to 
a large extent. Several foundries are now offering GaAs fabrication lines under conditions 
similar to CMOS, with chip size limited to about 100,000 transistors. In particular, Vitesse 
Semiconductors is offering fabrication through MOSIS to the academic community in the 
United States. 

At the moment, the transistor of choice for GaAs digital VLSI is the MESFET. There 
is no oxide insulating the gate of a MESFET transistor from source and drain; therefore, 
the logic families available in GaAs are much less attractive than CMOS or even nMOS. 
Direct Coupled Fet Logic (DCFL) has been adapted to GaAs, but has very reduced noise 
margins, and restricted fanin and fanout. With no complementary transistor available, 
the logic is ratioed. As a result, a considerable fraction of the speed advantage is lost due 
to the complexity of the available logic families relative to CMOS. 

To bypass these limitations, we have designed several new circuits, and adapted to our 
purpose a number of old circuits. We present these circuits in this paper, together with 
their use in the microprocessor. 

2 DESCRIPTION OF THE PROCESSOR 

The microprocessor is a 16-bit, pipelined, RISC-style processor. It is a modified version of 
the CMOS design described in [Martin et a/89]. Instructions are issued in order, but may 
complete out of order. The processor has 16 general-purpose registers, with four buses, 
two for read and two for write. Registers have individual locks to solve read-after-write 
and write-after-write conflicts. 

In addition to the ALU, there is one adder in the program counter (PC) unit, for 
relative branching and incrementing the program counter register. For simplicity, the 
memory-address adder is omitted, which reduces the number of required buses from five 
to four, making the datapath smaller in comparison with the CMOS processor. Other 
modifications include a revised pipelining of the ALU unit, and a revised control so as to 
equalize delays in all pipeline stages. 
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The processor is initially specified as a set of concurrent processes. The text of these 
processes is later transformed into a signal transition language, or handshaking expansion, 
and then compiled into "production rules" (the gate netlist) for the circuit. 

3 GAAS TECHNOLOGY MAPPING 

The MEtal Semiconductor Field Effect Transistor, or MESFET, is the transistor of choice 
for GaAs VLSI applications. It is the easiest to manufacture, provides the highest density 
(about 100,000 transistors on a chip), and has a very good power-delay product that, 
for clock frequencies of more than 200MHz, is better than the power-delay product of 
CMOS. When compared with ECL, GaAs is slightly faster, uses far less power, and has 
higher circuit density for a similar cost. An important application of GaAs is to provide 
replacements for ECL parts, such as fast RAM's and other LSI circuits. 

MESFET's are junction FET's. The gate is built with metal, and forms a Schottky 
junction with the transistor channel. There is no insulation between gate and channel; 
the Schottky junction creates a diode from gate to source and from gate to drain. This 
diode imposes severe limitations on the type of gates that can be used for digital circuits. 
As in nMOS, n-type transistors come in two flavors: depletion-mode and enhancement
mode. 

Even though we can map the processor design into DCFL gates (Long Butner 90], the 
specific requirements of asynchronous circuits makes that choice impractical. DCFL has 
low noise margins, and practical gates are restricted to nor-gates with a small number 
of inputs. Asynchronous operation requires monotone signal transitions and is sensitive 
to noise and charge sharing. Also, the compilation process sometimes generates complex 
gates with a large number of inputs. Decomposing these gates into smaller gates in a 
delay-insensitive way is a delicate task. 

To solve the problem of large operators, we have investigated several alternative logic 
configurations. We opted for different solutions for the datapath and for the control cir
cuits. 

3.1 Datapath 

The datapath includes three different units: the ALU, the PC unit for manipulations of 
the program counter, and the memory unit for execution of load and store operations. 
Datapath delay is determined primarily by carry-chain, control signal, and bus delays 
(Martin 92]. With no feed-back loops, noise problems are less severe, since noise does not 
get amplified in the loop. 

The datapath is optimized for size and power. In the datapath most signals are local, 
with the exception of control lines and buses, and delays and power depend directly on 
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Figure 1: Multi-input C-element. (a) Transistor schematic, and (b) logical diagram 

the physical dimensions of the datapath. In this design, 70% of all power is spent in 
the datapath, 15% in the register file, and 15% in the control logic (Pad driver power is 
excluded from this computation). 

To satisfy size and power constraints, all datapath gates are DCFL, except nand gates 
and buffers, and completion-detection circuits. DCFL gates are small and power efficient. 
Also, the datapath contains only simple gates available in DCFL. 

To generate completion signals from the datapath, we use C-elements with a large 
number of inputs. They can be built from smaller C-elements connected in a tree [Martin 
90], or, as in this case, as a single logic gate (see Figure 1(a) and (b)) [Tierno 92]. 

3.2 Control Logic 

Control logic takes care of the sequencing of actions in the processor. After compilation, 
each control signal is assigned a set of "production rules", of the form: 

G -> zi 
H -> zl 

where G and H are boolean expressions in terms of the other signals. G and H do not 
have to be complementary. In fact, most operators in the control are state holding, that is, 
GV H does not hold. There are different direct implementations of these production rules. 
One, Source Follower Fet Logic, is given in [Tierno 92]. That paper presents a systematic 
way of generating any operator described by production rules. This method was applied 
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Figure 2: Dual rail implementation of control signals. (a) Transistor schematic, (b) logical 
diagram, and (c) production rules 

in the design of the first GaAs microprocessor. However, it resulted in a circuit with a 
large power consumption (4 Watts) and modest performance (70 MIPS). 

For the second GaAs processor, a different approach is used. Each signal is implemented 
with a dual-rail encoding, always generating both positive and negative sense. An advan
tage of this approach is that no inverters are necessary to generate the boolean expressions 
for the production rules. A drawback is that combinational gates require extra circuitry 
to generate dual-rail outputs, as do signals coming in from the datapath. 

Figure 2 shows how a specific set of production rules are implemented in dual-rail. Note 
the feed-back transistor on the outputs of the individual nor gates. These transistors have 
the same function as the one on the "squeeze" (Brown 92] buffer, allowing the use of much 
stronger pull-up transistors. 
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4 RESULTS 

Using these techniques, several circuits have been designed, fabricated and tested on the 
HGAAS II and HGAAS III processes offered by Vitesse Semiconductors. Among them 
are two small RAM's, a register file, and two microprocessors. 

The first microprocessor design uses the circuits described in [Tierno 92]. The main 
concern during the design was to get around parameter variation problems and noise 
margin considerations. This was achieved, but at the expense of power and performance. 
At 70 MIPS, the processor consumes 4 W. 

Several new ideas and circuits were incorporated into the second design, many of them 
presented in this paper. All of those circuits were fabricated and tested successfully. 

This design was extensively simulated with Hspice. The expected performance of this 
design was about 200 MIPS with a dissipation of 2 W. Power and speed predictions have 
been very accurate so far using the Hspice models. However, in this case the measured 
performance is only 100 MIPS. The causes are still under investigation. There is some 
evidence of fabrication problems, and underestimation of the parasitic capacitances as 
extracted by the MAGIC layout program. 

Another factor affecting performance is pad delay. So far, we have used ECL levels 
on the outside, to be able to interface to standard parts and simplify prototyping. Pad 
delays are in the order of Ins, mostly spent in level conversion; also, the padframe uses a 
considerable amount of power -close to IA worst case for the processor. This delay and 
power can be greatly reduced by designing matched pad drivers and receivers in a system 
composed exclusively of GaAs parts. It would certainly be a requirement in the interface 
with cache memory. 

5 CONCLUSIONS 

In the course of this project, we have designed a number of very different GaAs circuits. 
Most of them had very strict requirements, to overcome the limitations of GaAs. No 
general solution is given to synthesize all logic circuits in a design as big as a microproces
sor. Instead, we found specific solutions to implement completion trees, control circuits, 
PLA 's, registers, etc. 

Porting the design of the original CMOS microprocessor was almost as easy as expected. 
A few changes were necessary because of the complexity of register cells in the first GaAs 
version. These changes were carried over to the second processor to speed-up the redesign. 

In general, we are satisfied with our solutions to the problem of designing asynchronous 
circuits in GaAs, though we were expecting better performance. The MESFET is far 
from being an ideal switch, and, as a result, gates with good gain, noise, delay, and power 
characteristics end up being quite complex. An overhead in delay and power is paid to 
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make those gates more reliable, which offsets the raw performance gain of the GaAs 
MESFET over the Si MOSFET. 

More importantly, integration levels in GaAs are very limited compared to CMOS. An 
important source of performance in digital circuits is parallelism, which can more than 
make up for the difference in raw speed. Circuits that can make efficient use of parallelism, 
like microprocessors with wide datapaths, or memories, are greatly penalized by reduced 
integration levels. 

There are, of course, inherently sequential problems, like serial communication channels. 
When the problem is well suited for GaAs, we can apply the tools of asynchronous design, 
and carry over to GaAs all the advantages of asynchronous circuits. 
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