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Abstract—This paper presents two highly integrated receiver DATA
circuits fabricated in InP heterojunction bipolar transistor (HBT)

technology operating at up to 2.5 and 7.5 Gb/s, respectively. The
first IC is a generic digital receiver circuit with CMOS-compatible w C'g‘;‘ég/e[);‘a >
outputs. It integrates monolithically an automatic-gain-control A DE1I\:/I8UX

amplifier, a digital clock and data recovery circuit, and a 1:8

demultiplexer, and consumes an extremely low 340 mW of power Photo diode
at 3.3 V, including output buffers. It can realize a full optical
receiver when connected to a photo detector/preamplifier front
end. The second circuit is a complete multirate optical receiver
application-specific integrated circuit (ASIC) that integrates a
photo diode, a transimpedance amplifier, a limiting amplifier, a

digital clock and data recovery circuit, a 1:10 demultiplexer, part of the reason was believed to be the relative immaturity

and the asynchronous-transfer-mode-compatible word synchro- . S L
nization logic. It is the most functionally complex InP HBT of the fabrication technology, which limited circuit yield.

optoelectronic integrated circuit reported to date. A custom e developed two highly integrated receiver IC’s in InP

RARAREE

Fig. 1. Functional block diagram of a generic optical receiver.

package has also been developed for this ASIC. HBT technology that achieved a new level of functionality and
Index Terms—Heterojunction bipolar transistor, indium phos- performance. The first [10] was a 2'5'G_b/3 g_enenc recelve_r IC
phide, optical receiver, optoelectronic integrated circuit. that consumed extremely low power with high functional in-

tegration. It monolithically integrated a wide-band automatic-
gain-control (AGC) amplifier, a digital CDR circuit,anda 1:8
. INTRODUCTION demultiplexer (DEMUX). It consumed only 340 mW power
HERE is a growing need for high-performance and lowat 3.3 V, including nine CMOS-compatible output buffers.
power optical receiver circuits in order to exploit the evefAs a comparison, a somewhat similar circuit implemented in
increasing bandwidth offered by fiber-optic communicatioBiGe technology consumes more than 1 W of power [11]. Our
in both terrestrial and spaceborne applications. InP-basedriteiver IC could realize a full optical receiver system when
technology is well suited to implement these circuits becausennected to a photo detector/preamplifier front-end OEIC.
of the inherent high device speed and the compatibility d¢f is especially suitable for satellite-based communication
the material system with the 1.3-1.5%1 wavelength fiber applications where low power and high data rate are important.
systems that exhibit low loss and low dispersion. InP hetero-The second IC [12] achieved an even higher level of per-
junction bipolar transistor (HBT) IC technology, for exampleformance and integration: a 7.5-Gb/s complete optical receiver
has achieved devicgr exceeding 150 GHz and divider circuitconsisting of a photo diode, a transimpedance amplifier (TIA),
speed of 44 GHz [1]. InP pin-HBT optoelectronic integrated limiting amplifier (LAMP), a digital CDR circuit, a 1:10
circuits (OEIC’s) have demonstrated bandwidth of 23 GHz [2REMUX, and the word synchronization logic. It consisted
Fig. 1 shows the block diagram of a typical optical receivedf 2100 transistors and was the most functionally complex
It consists of several functional blocks, each of which &P HBT OEIC reported to date. This application-specific
commonly implemented in one or more IC’s [3], [4]. Thentegrated circuit (ASIC) had multirate capability and was
recognition that a higher level of integration of these functiondesigned specifically for the current and next-generation space-
blocks could lead to better performance, lower system cobgrne fiber-optic data bus (SFODB) environment [13], which
and better reliability was the driving force behind the wholeequired small size, low power, and radiation hardness. This
arena of OEIC and integrated receiver development in recelata bus was encoded with the 8-B/10-B coding scheme and
years [5]-[7]. Many integration efforts, however, were directegidopted the asynchronous transfer mode (ATM) data structure.
toward multiple channels of the relatively simple front-end
blocks (photo diode and amplifiers) [8], [9]. No InP-based IC II. DESIGN OF THE2.5-@GB/s IC

result has been pub!ished on integrgting the clock and datal’he circuit was implemented with a very-high-speed InP-
recovery (CDR) circuit and the demultiplexer to the front enq)ased HBT technology [14]. This technology allows us to
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Fig. 2. Schematic of the AGC amplifier.
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throughout the whole circuit except between the loop filter and
the voltage-controlled oscillator (VCO) and at the CMOS- I_”_‘

X R d
compatible outputs. ImputData_ [ e | Loop e’

Detector|_m.| Filter [ YCO | Buffer
A. AGC Amplifier E
The integrated receiver included a wide-band AGC - '

amplifier. The first stage was a variable-gain stage in the Decision
Gilbert-cell configuration as shown in Fig. 2. The second and Cirouit [
third gain stages were dc-coupled emitter-coupled pairs with Data

emitter-follower buffers, with the second stage employingg. 3. Block diagram of CDR.
transimpedance loading to increase the stage bandwidth. A

full differential signal path was used. DC balance in the 4
circuit was maintained using a dc restoration loop between [_E

the output of the third stage and the input of the second stage.

Control voltage for the variable-gain stage was provided Clk- '

by a differential full-wave rectifier implemented using four ] L
diode-connected transistors. The diodes were biased at 10 B|as It 2

wA, reducing the AGC detector dead zone 2 q. Bypass = r«u
capacitors required in the AGC detector, AGC loop, and dc g ~ [ ",% % % 2

restoration loop were implemented both on- and off-wafer

to cover the wideband. To minimize power consumption, all

gain transistors were operated at a low 30 A/lcm? current & A
density. This reduced transistgy to about 20 GHz from the From External
peak value of 75 GHz (at ¥ 10* A/cm?). The amplifier was Loop Filter tuning
designed for a target of 30-dB gain and 2.5-GHz bandwidttrig. 4. Schematic of the multivibrator VCO.

Clk+

B. CDR This coarse tuning was designed to offset the effects of process
The CDR consisted of a digital phase-locked loop (PLLAnd device variations. Fig. 5 shows the loop filter we used,
and a decision circuit, as shown in Fig. 3. The PLL containedhich was slightly different than the one in [15].
a phase detector, a loop amplifier/filter, and a VCO [15]. THehad an active stage where the gain could be optimized for
phase detector was the “bang-bang” type that consisted of tthe best loop performance. Only one off-chip filter capacitor
flip-flops, one for sampling the clock at the rising edges of theas needed to set the loop bandwidth. The targeted pole and
data and the other at the falling edges. No frequency detectero frequencies of the loop filter were 0.5 and 15 MHz,
was included in this design. The VCO, as shown in Fig. 4espectively. Extensive SPICE simulation of the loop was
was the multivibrator design that required no external passiperformed to verify the locking characteristics of the PLL.
components. In addition to being controlled by the output dfhe decision circuit was made up of a single flip-flop. This
the loop filter, the VCO was designed to be externally tun€fDR design used devices very efficiently, containing fewer
with a dc voltage over the frequency range from 2 to 3 GHthan 90 transistors total.
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Fig. 5. Schematic of the loop filter. bringing the physical bit-rate requirement of the receiver to
7.23 Gb/s. Our receiver was designed to operate at multiple
= Vee rates, from a maximum of 7.5 Gb/s down through 3.6, 1.8,
é and 0.9 Gb/s (divided by two, four, and eight, respectively).
The data format was in 8-B/10-B code, in which two extra bits

were incorporated to each 8-bit byte to make up a 10-bit word.
This code provided better dc-balance by limiting the maximum
run length to five. Another important benefit of coding the data

] Vo was to support nondata sync word for word synchronization.
The SFODB [13] has a simple time division multiple access
é

Bias frame structure. The basic “payload” data cell has been chosen
to be the ATM cell with 48 bytes of data and five bytes
of header, for a total cell length of 53 bytes. Three bytes

of frame overhead are attached before each ATM cell to

T

T form a slot. Thirty-two slots constitute an SFODB master
. , . rame. The very first three frame overhead bytes include the
rzalgéie\s/ér ?g\ematlc of the CMOS-compatible output buffer of the 2.5—Gb{,?ame sync word (K28.5 or K28.7 in 8-B/10-B code). This is
summarized in Fig. 8. Our receiver design would be able to
C. DEMUX and Output Buffers detect these two word patterns (and their complements) for

The DEMUX employed the tree-type architecture for IOV\\;vord-synchromzatlon purpose.

power consumption. Power was saved when the clock raée
was halved for every stage through which the data moved.
The output buffers were designed for CMOS levels using aA PIN photo diode was integrated on-chip using the base-
totem-pole configuration, as shown in Fig. 6. The output stagellector junction of the HBT structure. The diode area was
had its own power-supply pad to isolate any switching noidé #m in diameter, optimized for bandwidth and alignment
from coupling back to the rest of the circuit. There were nin@quirements. Since the photo diode shared the same base-
such output buffers, eight for the data and one for the clocleollector layers as the HBT structure, a tradeoff had to be made
for the collector thickness. A thicker collector would improve
IIl. DESIGN OF THE 7.5-GB/s ASIC the responsivity of the photo diode but degrade the frequency
. . _ response of the HBT device. As the SFODB was a short-haul
The functional block diagram of the 7.5-Gb/s optical "iber communication environment, the sensitivity requirement

cei_vgr ASICis ShO.W” inFig. 7. This c?rcu?t Sh?fed many *?aslﬁ the receiver was on the order of 0 dBm. This allowed us to
bplld|ng pl.OCk.S‘ with the_ 2.5-Gbls circut, W'th appropriatq,se our paseline HBT process with a @.m-thick collector.
size modifications for higher speed operation. Only deS|gnSignal amplification was provided by a TIA and a LAMP

considerations with topological differences with the 2.5—Gb{g reduce the dynamic range seen by the CDR circuit. The

design are discussed below. TIA, as shown in Fig. 9, was a single-ended common emitter
gain stage with collector-to-base feedback. Its output fed both
the differential inputs of the LAMP with a low-pass filter
The current SFODB operates at the SONET OC-48 rate iokerted along one but not the other input. This connection
2.48 Gb/s. It is expected that the data rate of future SFODBSsheme provided a single-to-differential signal conversion for
will continue to increase. The next rate up will be the OGsignal frequency above the cutoff frequency of the low-pass
96 environment of 4.96 Gb/s. Accounting for the codinfjliter. The LAMP input with the low-pass filter was effectively
scheme and other communication overheads associated withunded above the cutoff frequency. Signals along the other
the ATM protocol, an overhead factor of 1.458 is neededhput path therefore got amplified. Below the cutoff frequency,

Photo Diode, Transimpedance, and Limiting Amplifiers

A. Application-Specific Architecture
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TIA Single-end output to on-chip capacitorC'.
differential input
conversion

. . . o . ﬁeriaIR-Oext branch in the loop filter, as shown in Fig. 10. It

Fig. 9. Schematic of the transimpedance amplifier and its interface to the . .

limiting amplifier. In effect added a pole to the loop filter response, compensating
for the zero generated by the parasitic inductance on the leads

the low-pass filter had little effect on the signal passing throudi the external capacitor.
it. As a result, the differential input paths of the LAMP saw the
same signal, which canceled each other. This coupling schefieDEMUX and Bit Counter
required only one blocking capacitor instead of two. The short The recovered bit data were converted into word data by
run length in the data stream called for a cutoff frequeney 1:10 (due to the 8-B/10-B data coding) DEMUX. Fig. 11
that could be as high as 10 MHz, which allowed the capacitshows the schematic of the DEMUX, which had a serial-in,
to be implemented on-chip. The result was the saving of twsarallel-out and a parallel-in, parallel-out shift registers instead
bonding pads (and the external passive elements associaiethe tree structure of flip-flops because the word length
with them) and of significant chip area. was not an integral power of two. It required two clocks: the
The LAMP incorporated only the first and last gain stagagcovered bit clock and a “narrow” word clock with the same
and the dc restoration loop of the AGC amplifier of the 2.5ulse width as the bit clock but with only 5% duty cycle. The
Gb/s design, with modification to the bias current to reflegfarrow word clock was converted from the recovered clock by
a higher bandwidth but lower gain requirements. The AGfBe bit counter, which also generated the output word clock
circuit portions were not needed in this amplifier because tbe50% duty cycle. The schematic of the bit counter is shown
data stream had a relatively small dynamic range of 10 dBin Fig. 12. It had a bit-slip mode that counted up to 11 bit
clock pulses before the two word clocks were generated. This
C. CDR mode was used to shift the boundary of the word until a sync

The block diagram of the CDR circuit was similar toWOrd was detected.

that of the 2.5-Gh/s design except a digital prescalar was _

inserted after the buffer in the PLL to enable multirat&- SYnc Logic

operation. Two CMOS-compatible inputs selected one of The digital sync logic consisted of the sync compare and
four possible prescalar ratio—divided by one, two, four, artiree resettable counters (word, slot, and frame counters),
eight—allowing the PLL to operate at the corresponding fouvhich counted according to the ATM cell protocol, as de-

data rates. Learning from test data collected from the 2.5-Glsksibed above. The word counter could count up to 53 or 56,
design, we added an on-chip capacitor in parallel with thbe slot counter to 32, and the frame counter to a programmable
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DO D1 D2 ....... D7 D8 ps  was implemented with the same base-collector junction as the
N 0 0 N 0 N HBT structure. Two additional masking steps were needed to
—al ra ra - _ & o dl b g define and coat the photo diode.
WORD_GLKN c The photomicrograph of the 2.5-Gb/s receiver IC is shown
[ in Fig. 14. It measured 2.8 2.35 mn? and consisted of
D o - P approximately 550 transistors. Two-thirds of the area was
© ¢ occupied by the DEMUX and the output buffers.
The photomicrograph of the 7.5-Gb/s optical receiver ASIC
is shown in Fig. 15. It consisted of about 2100 transistors and
Fig. 11. Schematic of the demultiplexer for 8-B/10-B coded data. was pad-limited to an area of 4.263.1 mnt. Defect control
was a critical requirement for yielding this relatively large cir-
cuit. We have grown epi wafers that have random defect den-
—D:D‘D sity of less than 100 per ciin our first fabrication lot, a best
wafer yield of 10% was achieved. This yield level represented
WORD CLK g progressively maturing InP HBT fabrication process that al-
lowed us to continue to develop IC’s of increasing complexity.

V. EXPERIMENTAL RESULTS AND DISCUSSION
o ]

A. 2.5-Gb/s IC

We have performed on-wafer tests of the receiver IC.
Test results of individual functional blocks were obtained
Fig. 12. Schematic of the bit counter. from drop-in test cells. The frequency response of the AGC

. amplifier is shown in Fig. 16. Maximum gain of about 28
number between one and 16, all of which used the same t09Gie it 2.GHz bandwidth was observed. These results were
flip-flop as the basic building block. The schematic of thg;nin anout 209% from simulation. Resonance between the
frame. cpunter IS sh.own n F|_g. 13. Th? ot.her two Cc_)ume@(ternal capacitors and probe inductance resulted in in-band
had similar schematics with minor modifications reflecting thr%sonance. This was subsequently eliminated by damping
difference in the number of stages (five for the slot and six foLictors in the 7.5-Gb/s design. The power consumption of
the word counters), the decoding logic, and the programmalah% AGC amplifier was about 20 mW.
feature (one select control for the word counter and none forThe CDR exhibited satisfactory locking behavior. It had a

the slot counter). The output of the frame counter was the bjt i range of about 30 MHz when locked at a 2.1-Gb/s data

slip signal, which caused the bit counter to slip a bit Whe&ream. Moreover, the locking frequency could be externally

no sync word was detected in the sync compare circuit Witthned over more than a 1-GHz span. When tested with-al2
the specified frames of data. Upon detection of a sync worgke,,jorandom bit stream (PRBS), the recovered data achieved
the sync compare circuit would send out a sync signal to res8l ooy rate (BER) of less than 18 with 9.6-ps rms jtters.
the three counters. To take advantage of Fhe sloyver operatim3 eye diagram of the recovered data is shown in Fig. 17. The
speedl of these counters, part of t'helr qulc was implementgg) o portion of the chip consumed about 90 mW of power.
with single-endedvor gate for saving chip area. The rest of the IC also performed properly as measured
from the integrated receiver chip. The data output voltage
swing, when measured with a high-impedance scope with 20-
To maintain signal integrity over on-chip long interconnectgF capacitive loading, was 900 mV at 310 Mb/s and 1.5
differential signal lines were routed adjacent to each othey, = at 60 Mb/s. In the realistic multichip-module environment
Source and load termination that matched the metal |im'|ere a CMOS load was about 5 pF, a factor of four Speedup
impedance (about 9®) were also incorporated at selectegvas expected for the same voltage swing. So the IC was
long, high-speed signal paths, such as those between the C&3Bected to provide a 1.5y output swing at 240 Mb/s, or
and the DEMUX, which ran for about 4 mm. All control inputs] 92-Gb/s input bit rate. The nine output buffers consumed
were CMOS compatible except that the polarity of the powghly 80 mw of power.
supply had to be reversed, i.e., a logic “1” is near 0 V while The power consumption of the whole chip was only 340
a logic “0” is near—3.3 V. All outputs had differential CML mw. This extremely low power level reflected the intrinsic
drivers capable of delivering 400-my/ signals to a 532 load. high bandwidth of the InP HBT technology as well as its
capability to trade speed for power. In fact, all transistors in the
receiver were operating at current densities significantly below
Both receiver IC’s were successfully fabricated in our intheir maximumyz point. Efficient implementation of the CDR
house 3-in IC line utilizing the baseline InP HBT technologguch as using a multivibrator instead of a ring oscillator VCO
[14], which employed a 2x 2 um? emitter size transistor also contributed to the low power. The CMOS-compatible
with a peakfr of 75 GHz. Two layers of metal were used foroutput buffers employed the push—pull-style circuits to further
interconnect. For the 7.5-Gb/s IC, the integrated photo diodenserve power.

BIT_SLIP

BIT_cLk [+

F. Interconnects and I/O

IV. FABRICATION
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Fig. 15. Photomicrograph of the 7.5-Gb/s integrated optical receiver ASIC.
Fig. 14. Photomicrograph of the 2.5-Gb/s integrated receiver IC.

responsivity, transimpedance gain, and bandwidth were 0.51
B. 7.5-Gb/s IC A/W, 650 2, and 4.4 GHz, respectively, as shown in Fig. 18.

We have performed extensive on-wafer tests on the 7Epe measured gain and bandwidth were within 20% from

Gbls receiver ASIC. By segmenting the power-supply nets ﬂjmu!ation, th(_e discrepanc_y being primarily attriputqble to the
the various functional blocks and providing intermediate I/@/TCuit parasitics. For testing the rest of the circuit, a laser

points to the full ASIC, we eliminated the need to inclugéiode modulated by a BER test set was used as the input
drop-in test cells on the wafer. The performance of eadipnal source. The VCO of the CDR could be externally tuned

functional block could be measured directly from the fulvith & dc voltage over more than 15% frequency span. The
ASIC itself. An optical signal of 1550 nm was fed througBER of the recovered data at 7.6 Gb/s was measured to be less
a single-mode fiber, which was mounted slightly tilted frorthan 10", with a 27— 1 PRBS input of 0-dBm power. The
the vertical on a micromanipulator and was aligned over tiye diagrams of the LAMP output and the recovered data are
photo diode by monitoring the photo diode bias current. Ti&hown in Fig. 19. Very open eye is observed for the recovered
frequency response of the front-end circuits, which includettita. Optical sensitivity of the CDR recovered data (not just
the photo diode, the TIA, and the LAMP, was measureat the output of the LAMP) was-4.2 dBm at a BER of 10°.
using an HP 8703A lightwave component analyzer. Measuréde expected the sensitivity at the 1300-nm wavelength to be
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Fig. 17. Eye diagram of recovered data of CDR with 2.1 Gls; 2 PRBS
input; waveform had 9.6-ps rms jitters.

better because of the higher responsivity of the photo diode.
The relatively low sensitivity of this receiver did not reflect the _c4q,.y : : : . : , ,
inherent capability of the technology [6] but rather the input ~ 3¢-86ns SBes/div 35 16ns
specifications of the ASIC, which did not require amplifiersig. 19. Eye diagram of the (a) output of LAMP and (b) CDR recovered
with high gain. In other words, the sensitivity was not noiséata with a 2 — 1 PRBS input at 7.61 Gb/s.

limited but rather gain limited. The demultiplexed data and

word clock output waveforms are shown in Fig. 20, with aboy 5_ 5nd 7.5-Gb/s optical communication applications. The first
400-mVj,;, swing. The chip consumed about 3 W of powelic consisted of an AGC amplifier, a clock and data recovery
a relatively low budge.t co_nS|der|ng the high functionality angircuit, and a demultiplexer, and consumed only 340 mW of
performance of the circuit. _power. The measured data have validated our design approach
A custom package has been developed for the opticgly have demonstrated the potential of the InP HBT technol-
receiver ASIC, as shown in Fig. 21. The optical fiber waggy 15 integrate analog and digital functions for low-power and
horizontally mounted thh optical signal r.eﬂectgd at an angl‘ﬁgh-speed applications. The second IC was a fully integrated
cut over the photo diode. A 2.7-dB fiber link l0ss wagsica| receiver ASIC that monolithically integrated all the
measured. No other significant performance loss due t0 §iia components, including the photo diode, the amplifier
packaging was measured. Further environmental tests will g’(%ge, the clock and data recovery circuit, the demultiplexer,
performed on the packaged units. and the word-synchronization logic. It consumed 3 W of power
and consisted of 2100 transistors. The capability and level of
maturity of the InP HBT technology in implementing mixed-
We have successfully designed, fabricated, and tested tmode, high-speed, and complex optoelectronic circuits has
highly integrated receiver IC's in InP HBT technology fobeen demonstrated. Achieving even lower power is feasible

VI. CONCLUSION
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