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Abstract —High-speed divider circuits find numerous applications in
prescalers for counters, frequency synthesizers, and digital phase locked
loops. To accommodate these applications, a high-speed multimode divider
circuit has been designed, fabricated, and tested. This circuit, fabricated on
semi-insulating Gallium Arsenide substrates, and utilizing Schottky diode
FET logic (SDFL) technology, has been tested at a maximum clock
frequency of 1.84 GHz. High yields of circuits operating over 1 GHz have
been obtained over a number of wafers.

I. INTRODUCTION

HE FIELD OF high-speed GaAs digital integrated

circuits is expanding very rapidly [1]. With speeds well
into the gigahertz domain (2], and processing capabilities
reaching large-scale integration [3], the technology is be-
coming very attractive, and applications are being sought.
Communications is a field where relatively simple high-
speed components can impact the performance of full
systems. Multimodule high-speed frequency divider cir-
cuits, for example, can find numerous applications in pres-
calers for counters, frequency synthesizers, and digital phase
lock loops. To satisfy such applications, a variable module
divider capable of eight different operating modes (divide-
by-5, -6, -10, -12, -40, -41, -80, and -82) has been designed,
fabricated, and tested.

The approach chosen was to use a well-established planar
fabrication process, and a well-demonstrated design con-
cept, so that high yields could be obtained. This paper
contains a description of the circuit starting from its build-
ing blocks. This is followed by a description of the tests
performed on wafer and on packaged devices, including
automatic high-speed measurements for yield data acquisi-
tion. Finally, the yield of high-speed circuits is discussed.

II. Circuir TECHNOLOGY

The fabrication process chosen for the variable modulo
divider is the same process which was used for the first
demonstration of a large-scale GaAs integrated circuit [3].
This fabrication process has been discussed in detail
elsewhere [4]. It is a planar process which features multiple
localized ion implantations directly into semi-insulating
GaAs substrates. The unimplanted areas provide electrical
isolation between circuit elements. The process is relatively
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Fig. 1. Building blocks for the variable modulo divider circuit. (a)

Schematic of a SDFL NOR gate. (b) Logic diagram of a D-type flip—flop
with a maximum toggle rate of 1/57p.

simple, requiring only six masks for fabrication. Various
sizes of depletion-mode MESFET’s with 1-pm gate lengths,
along with switching and level shifting diodes are used.

The approach used to realize this circuit was Schottky
diode FET logic (SDFL) [5]. Fig. 1(a) depicts a standard
SDFL ~or gate. The switching diodes are connected to-
gether to perform the or function. The level-shifting diode
and the small pull-down transistor provide the proper bias
to switching transistor Q1. This transistor performs the
inversion function. The pull-up transistor sources current
to subsequent NOR gates when Q1 is turned off [6].

Fig. 1(b) shows how the NOR gates are connected to form
a D-type flip—flop, which is the basic building block of the
divider circuit [2]. This particular configuration of flip—flop
will operate at a maximum frequency of 1/51, where 7, is
the propagation delay through a single NOR gate. This
delay is on the order of 100-ps per gate for our technology
employing 1-pm long FET gates.

There are other configurations of flip—flops [7], which
have theoretical maximum operating frequencies of 1/27)
where 7; is the propagation delay through an OR/NAND
gate, and thus can operate faster than the configuration
used [8]. However, this faster configuration requires com-
plementary clock inputs, which must be provided by a
complementary clock generator. This must be placed on
the chip for most practical circuit applications. The faster
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Fig. 2. Schematic of the multimode SDFL divider circuit capable of frequency division by 5, 6, 10, 12,
~ 40, 41, 80, and 82. 80/82 is negative edge triggered input. 40/41 is positive edge triggered input.

Fig. 3. Photoﬁlicrograph of the multimode SDFL divider circuit. The chip size is 1.35X0.9 mm.

flip—flop would also require multilevel logic. This is not a-
serious obstacle because multilevel logic can be imple-
mented with SDFL [9] or other circuit approaches [7], but
some penalty, in terms of complexity and propagation
delay per gate is involved (7} > 1;). Therefore, the simpler
D-type flip—flop was chosen for this circuit, with the
understanding that overall circuit speed was being traded
for design simplicity and ultimately circuit yield. Divider
circuits utilizing the 1/27, flip—flops are now under inves-
tigation at our laboratory.

IIL

Fig. 2 shows a schematic of the entire variable modulo
divider circuit. Flip—flops 1 through 3 operate as a syn-
chronous counter and will perform either the divide-by-5
or the divide-by-6 function as controlled by the mode-select
inputs. With either mode-select line high, the divide-by-5
mode is selected. With both select lines low, the divide-by-6
mode is selected. When the input is applied through the
prescaler circuit, the input frequency is divided by 2, and

CIRCUIT DESIGN AND OPERATION

the output frequency of flip~flop 3 will be f/10 or /12
(where f is the input frequency). Exclusive OR circuitry
allows the polarity of the output signal to be selected, and
a buffer is provided to drive external circuitry. Flip—flops 4
through 6 operate as a ripple type divide-by-8, and control
the operation of the divide-by-5,-6 circuitry along with the
mode-select lines. With this control, the divide-by-40 func-
tion is realized by eight cycles of the divide-by-5 function,
and the divide-by-41 function is realized with 7 cycles of
the divide-by-5 and 1 cycle of the divide-by-6 function.

. The divide-by-80 and -82 functions are realized in the same

manner with the use of the prescaler. The clear line control-
ling flip—flops 4 through 6 must be activated when operat-
ing in the divide-by-5, -6, -10, or -12 modes to override the
control of the first three stages.

Fig. 3 depicts a photomicrograph of an actual circuit.
The large horizontal devices between the bonding pads
around the periphery of the circuit are 360-pm wide inter- -
digitated FET’s connected as source followers to drive the

 signals off chip. The smaller vertical devices between the
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Fig. 4. Oscillogram. of circuit outputs of SDFL divider- wafer probe.
Upper trace: divide-by-80 output. Lower trace: divide-by-10 output.
F,=1015 GHz.

Fig. 5. Left: Probe card modified for high-speed testing. Right: Test jig for packaged device evaluation.

bonding pads in the upper left are on-chip 50-Q resistors to
terminate the clock input signal at either the prescaler
input, or the direct input to the divide-by-5,-6 stage.

The variable modulo divider circuit contains 60 gates.
The overall size of the chip is 1.35 mm><0.9 mm.

IV. CIRCUIT PERFORMANCE

Fig. 4 is an oscillogram of the circuit output in the
divide-by-80 mode (top trace), and the divide-by-10 mode
(lower trace). This oscillogram was taken at wafer probe
with an input clock frequency of 1.015 GHz. The probe
card used to perform the measurements is shown at the left
side of Fig. 5. It is a standard probe card, which has been
modified for high-frequency performance. Miniature 50-§
coaxial cables are connected directly to the probe card, as
close as possible to the actual probes. The traces on the
printed circuit board are cut wherever a 50-Q cable is
connected. Bypass capacitors are soldered directly on the

probe card for all of the power supply lines.
High-frequency performance can be obtained from this
modified probe card because of the nature of the circuit,
and the clock signal that is introduced to the ,circuit
through the probe card. This input clock signal is sinusoidal
because of the difficulty involved in generating pulse trains
of sufficient amplitude at frequencies above 1 GHz. There-
fore, at any given frequency, the distortion arising from
termination mismatch will affect only the amplitude and
phase of the input signal (i.e., there is no ringing). Since the
input phase is not important to the divider circuit, the only
remaining concern is to ensure that there is sufficient
amplitude at the input. This can be easily accommodated,
if a signal generator with sufficient power output is used.
The output signals all have fundamental frequencies
more than two octaves lower than the input signal. This
makes them far less prone to the effects of mismatched
impedances. The ougput signals shown in Fig. 4 do exhibit
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Fig. 6. Oscillogram of packaged device outputs showing the divide-by-80
and divide-by-82 outputs for an input frequency of 1.84 GHz. The
average propagation delay per gate is 109 ps. The total power dissipa-
tion is 94.5 mW (1.58 mW /gate).

sorme hint of ringing, and a discernable amount of clock
" feedthrough.

Packaging the device in-a 16-lead flat package allows the

samples to be evaluated in the test jig shown on the right of
Fig. 5. This jig has 50-Q microstrip transmission lines on
alumina substrates leading directly to the edge of the flat
package. A clamp secures the leads of the flat package to
the substrates. This allows for easy interchangability of the
flat packages without soldering. Chip-bypass capacitors are
provided on the underside of the substrates through wrap
around lines. Since the capacitors are closer to the device
under test, and the lengths of uncontrolled impedances are
shorter than those of the modified probe card, superior
high-frequency performance is to be expected with the test
Jjig. :
Such results are shown in Fig. 6, which is an oscillogram
of the outputs of a packaged device, operating in the f/80
and f/82 modes. This device was operated with a clock
frequency of 1.84 GHz, which represents the best result
obtained thus far, for this circuit. This frequency corre-
sponds to an average 7, of 109 ps/gate, a very low propa-
gation delay for a circuit with fan out larger than one
employing 1-um gate FET’s.

The power required at this frequency was 94.5 mW,
which corresponds to an average power dissipation of 1.58
mW /gate. (This does not include power consumption by
the interdigitated source follower FET’s.) Although this
power consumption is. already quite low, it can be made
even lower if the device operates at a frequency below the
absolute maximum of which it is capable. This is exem-
plified by another data point from the same device, operat-
ing at 1.80 GHz, consuming 84 mW of power, or an
equivalent of 1.45'mW /gate. This represents operation at 9
percent lower power dissipation for a 2.5-percent reduction
in speed.

V. Circult YIELD

Comparing the sharp waveforms of the packaged device
shown in Fig. 6 to those of the wafer probed device in Fig.
4 clearly demonstrates the advantage of using packaged
devices for high-speed characterization. However, auto-
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Fig. 8. Automated wafer probe data: Range of V,, over which the
circuit operates at 1 GHz for example, of the 128 circuits on a wafer.

mated testing is much easier to implement with probe
cards, which can be used to assess circuit performance up
to 2.5 GHz. With 128 divider circuits to be evaluated per
wafer, the convenience of wafer probing cannot be over-
looked. Fig. 7 shows a block diagram of the test system
used for dc and RF characterization of these circuits. A
Hewlett-Packard 9800 series computer controls the dc bias
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Fig. 9. Wafer map and histogram of circuits operating in several frequency intervals.

voltages applied to the circuit and monitors the current
supplied through a multiprogrammer. The output frequency
is measured and fed to the computer by a high-frequency
counter. The accompanying peripherals store and output
the acquired data. The following figures represent the data
acquired from the automatic test system in various formats.
All of the following data is from wafer probed devices
operating in the f/40 and f/41 modes.

In Fig. 8 we see the range of one supply voltage for
which the divider circuits on one wafer will operate at a
fixed frequency. These data are useful in determining the
best fixed voltage to use over a large number of circuits.
Fig. 9 presents additional information that is obtained
from wafer probing on the automatic system. On the left is
a wafer map which shows the location and maximum
operating frequency of all the working circuits on the
wafer. These data would be helpful in identifying process
anomalies, as well as for predicting yields of larger circuits.
The boxes labeled PMC represent drop-in chips with pro-
cess monitoring circuits not included in this test [10]. On
the right side on Fig. 8 is a histogram of the number of
working devices versus their maximum frequency of opera-
tion. The dotted curve above integrates the histogram. It
shows a total of 70 of the 128 devices on this wafer
operating at or above 1 GHz. This number represents a
yield of 54.7 percent.

The high yield obtained for one wafer has been re-
peatedly obtained for a number of wafers. In Fig. 10, the
* yield of devices working at or above 1 GHz on six different
wafers are shown. The average yield for all six wafers is
> 50 percent. This figure is quite high, and it reinforces the
growing consensus that the digital GaAs IC technology is
indeed reaching maturity.

Several issues remain. Sensitivity of the GaAs circuits to
supply voltage variation must be further explored. Opera-
tion over wide temperature ranges must also be explored
since FET threshold voltage are sensitive to temperature
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Fig. 10. Yield if circuits operating at or above 1 GHz for six wafers.
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[11]. Assuring operation of the circuits over convenient
range of supply voltages and a wide temperature range will
result in a penalty in terms of yield. Despite these draw-
backs, this young technology has margin for improve-
ments. For example, replacing the FET active loads by
saturated resistors appears as a very promising improve-
ment in terms of temperature and backgating sensitivity of
the circuits [12]. In terms of radiation hardness, recent
results indicate great tolerance of digital GaAs circuits not
only to total dose of ionizing radiation, but also to radia-
tion transients [13], [14].

V1. CONCLUSIONS

In this paper, we have described the technology used to
develop a high-speed SDFL divider circuit with multimode
frequency division capabilities. This flexibility lends the
circuit to various L-band applications. The operation of
this circuit was discussed and performance results were
presented. The best performance of this circuit was opera-
tion with an input clock frequency of 1.84 GHz. This
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performance was achieved while consuming only 94.5 mW
of power (exclusive of source follower FET power con-
sumption) with even lower power consumption (87 mW) at
slightly lower (1.797 GHz) frequencies.

A probe card, modified for high-frequency operatlon,
and a high-speed test jig were described, and the relative
merits of each were discussed. Automatic testing of these
devices was described, and the test results were presented.
The value of the various formats of output data available
from the automated test system was shown. Thése results
showed that good yields can be attained consistently from
SDFL circuits, using a planar process, at MSI complexity.
It was further shown that these high yields can be re-
peatedly attained over a number of wafers with an average

yield of over 50 percent. This figure is quite high, and it

reinforces the growing consensus that the digital GaAs IC
technology is reaching maturity for full-scale utilization.

ACKNOWLEDGMENT

The authors would like to thank S. I. Long for directing
these research efforts, M. Borges for his -assistance in
acquiring test data J. R. Porterfield and C. A. ng for
their assistance in computer aided design, and M. Sheets, J

Thompson, P. Fleming, C. Martinez, and S. Pittman, for

. their efforts in wafer processing.

REFERENCES

[11 R. C. Eden and B. M. Welch, “GaAs digital integrated circuits for

- ultra-high-speed LSI/VLSL” in Very Large Scale Integration

(VLST), Fundamentals and Applications, vol. 5, Springer Series in
Electrophysics, pp. 128-177, Berlin, 1980.

[2] - 8. L Long et al., “MSI high speed low power GaAs integrated
circuits using Schottky diode FET logic,” IEEE Trans. Microwave
Theory Tech., vol. MTT-28, no. 5, pp. 466—-472, May 1980.

[3] S. L Long, B. M. Welch, R. Zucca, P. Asbeck, C. P. Lee, C.
Kirkpatrick, F. S. Lee, G. Kaelin, and R. C. Eden, “High-speed
GaAs integrated circuits,” in Proc. IEEE, vol. 70, pp. 35-45, Jan.
82

[4] B. M. Welch, et al., “LSI processing technology for planar GaAs
integrated circuits,” TEEE Trans. Electron Devices, vol. ED 27, no.
6, pp. 1116-1124, June 1980.

{51 R. C. Eden, U.S. Patent 4 300 064, Nov. 10, 1981.

[6] R.C.Eden, B. M. Welch, and R. Zucca, “Planar GaAs IC technol-
ogy: Applications for d1g1ta1 LSL>” IEEE J. Solid-State Circuits, vol
SC-13, no. 4, pp. 419-426, Aug. 1978.

[71 R. L. Van Tuyl, C. A Liechti, R. E. Lee, and E. Gowen, “GaAs
MESFET logic with 4-GHz clock rate,” IEEE J. Solid-State Cir-
cuits, vol. SC-12, no. 5, pp. 485-495, Oct. 1977.

[8] G. Nunzillat, G. Bert, F. Damay-Kavala, and C. Arnodo, “High-

~ speed ‘low-power logic IC’s using quasi-normally-off GaAs
MESFET’s,” IEEE J. Solid-State Circuits, vol. SC-16, no.' 3, pp.
226-232, June 1981.

99 R. C. Eden, F. S. Lee, S. L Long, B. M. Welch, and R. Zucca,

“Multi-level logic gate implementation in GaAs IC’s using Schottky

diode FET logic,” in. 1980 IEEE Int. Solid State Circuits Conf.,

Digest of Technical Papers, Feb. 1980, pp. 122-123.

R. Zucca, B. M. Welch, C. P. Lee, R. C. Eden, and S. 1. Long,

“Process evaluation test structures and measurement techniques for

a planar GaAs digital IC technology,” IEEE Trans. Electron De-

ices, vol. ED-27, no. 12, pp. 2292-2298, Dec. 1980.

5. 1. Lee and C. P. Lee, “Temperature effect on low threshold

voltage jon-implanted GaAs MESFET,” Electron. Lett., vol. 17, no.

20 pp. 760-761, Oct. 1981.

C. P. Lee, B. M. Welch, and R. Zucca, “Saturated resistor load for

GaAs integrated circuits,” this issue, pp. 000-000.

R. Zuleeg and K. Lehovec “Radiation effects in GaAs junction

field effect transistors,” IEEE Trans. Nucl. Sci., vol. N§-27, no. 5,

pp. 1343- 1354 Oct. 1980.

[10]

(11]

f12]
(13

1025

[14] S. L Long, F. S. Lee, and P. Pellegrim, “Pulsed ionizing radiation
recovery characterstics of MSI GaAs integrated circuits,” IEEE
__ Electron Devices Lett., vol. EDL-2, no. 7, pp. 173176, July 1981.

.

Emory Walton (M’80) received the B.S. degree in
electrical engineering from New York University
in 1972. He joined Xerox, working on circuit
designs for Facsimile systems and electronic
imaging terminals. This work began in' Roches-
ter, NY and continued in Dallas, TX and El
Segundo, CA. In 1978 he joined Rockwell Inter-
national, Integrated Circuits Section, where he is
now involved in the design and test of high-speed
GaAs digital ICs. . -

L

Eve Shen received the B.S. in electrical engineer-
ing from National Taiwan Umver51ty, and the
M.S. in electncal engmeerlng from -Stanford
University.

She worked at Intel Corp., on software devel-
opment of circuit analysis programs for
‘computer-aided IC design. Prior to working at
Intel, she was with American Microsystems Inc.,
where she designed and implemented an interac-
tive logic simulator with logic circuit description
editor. She was also responsible for the design of
a data base management program for statistical analysis of test results and
measured data. Before joining AMI, she worked at Amdahl Corp., on
designing software to. perforin timing analysis along critical paths of the
CPU of Amdahl 470 computer in order to determine the proper cycle
time of the CPU. Currently, she is Senior Technical Specialist in the
Advanced Electronics Department of Rockwell International’s Microelec-
tronics, Research and Development Center.

L

Frank S. Lee received the B.S. degree in electrical
engineering from the National Cheng-Kung Uni-
versity, Taiwan, in 1971, and the M.S. and Ph.D.
degrees in electrical engineering from Southern
Methodist ‘University, Dallas, TX in 1974 and
1978, respectively. '

During 1974 he worked as a research assistant
in the study of thermal electrical power and
temperature coefficient of resistivity of Au-Ag
alloy thin films. While pursuing his Ph.D. degree,
he developed a group of low-pass filters by utiliz-
ing the properties of Cesiro summations to improve the convergence of
infinite summations. His work at the Electronics Research Center involves
GaAs integrated circuit design, testing and computer aided circuit analy-
sis.

Dr. Lee is a member of Sigma Xi.

L

Ricardo Zucca (SM’78) was born in Trieste, [taly,
on Feb. 7, 1936. He received the M.S. degree in
engineering from the University of Rosario,
Argentina, in 1960, and the Ph.D. degree in
physics from the University of California, Berke-
ley, in 1971,

He started his research activity at Berkeley in
the investigation of optical properties of solids by
modulation techniques making contributions to
the understanding of the band structures of IV
and HI-V semiconductors, and noble metals.



1026

Later he held a position of Professor (in Physics) at the University at
Rosario, Argentina. Since joining Rockwell International in 1972, he has
been engaged in several aspects of semiconductor technology, focusing
mainly on the electrical properties of semi-insulating GaAs, the substrate
material for most GaAs high-frequency -semiconductor devices. More
recently he has been involved in the development of a high-speed,
low-power planar GaAs digital IC technology with potential for LSL/VLSI
applications, His work involved the development and application of
testing techniques for process characterization and evaluation. He is now
Manager of the GaAs Integrated Circuits Design and Test Section.
Dr. Zucca is a member of the American Physical Society.

L ]

Yie-Der Shen (8'76-M’78) was born in Taiwan,
Republic of China, on October 26, 1946. He
received the B.S. degree in electrical engineering
from National Cheng-Kung University, Taiwan,
in 1969, and the M.S. and Ph:D degrees in elec-
trical engineering from Stanford University in
1973 and 1978, respectively. His graduate work
was in the area of liquid phase epitaxial growth
of GaAs and AlGaAs, study of GaAs-AlGaAs
heterojunctions, and design and development of
high-efficiency Au-AlGaAs-GaAs Schottky bar-

A

rier solar cells.

Since 1978 he has been employed at Rockwell International for work
on the processes of GaAs integrated circuits.

Dr. Shen is a2 member of the American Physical Society.

L

Bryant M. Welch (M’75) was born in New York on December 20, 1943.
He received the A.A degree in engineering from Miami Dade Junior
College, Miami, FL in 1963 and the B.S. Degree in mathematics from the
California State University, Northridge, CA in 1968.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-30, NO. 7, JuLY 1982

From 1963 to 1965 he was associated with West-
inghouse Electric Corporation, where he was in-
volved in the early development of Si bipolar
integrated circuits. Since 1965 he has been em-
ployed with Rockwell International and is pre-
sently the Project Leader for integrated circuit
processing. His areas of research and develop-
ment have included all phases of ion implanta-
_ tion in both Si and GaAs, Since 1972 he has
concentrated on the development of a planar
| GaAs ion-implantation technology. Highlights of
his work include the development and fabrication of GaAs FET’s, using
implanted active layets, and fabrication of the first planar GaAs in-
tegrated circuits using multiple localized implantation techniques. He is
currently involved with developing planar GaAs integrated circuit
processes and responsible for the fabrication of these circuits. He holds
two patents and has numerous publications in the field of ion implanta-
tion and its applications.
Mr. Welch is a member of the Electrochemical Society.

*

Rahul Dikshit was born on October 10, 1952 in
Bombay, India. He received the B.E. degree (with
distinction) in electrical engineering from McGill
University, Montreal, in 1973, and the M.E. in
electrical engineering from Concordia University
in Montreal, Canada, in 1978. In 1981 he re-
ceived the M.B.A. degree from West Coast Uni-
versity in Los Angeles, CA.

In 1973 he joined RCA Limited in Montreal,
where he designed and developed components
for communications satellites. This included
waveguide filter multiplexers, diode and GaAs FET mixers and GaAs
FET MIC amplifiers, and automatic testing technology. In 1978 he joined
Rockwell International, in Anaheim, CA, in the GaAs Device Develop-
ment group. He is currently working on automatic high-speed test tech-
nology development for GaAs Integrated Circuits.




