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Design and Test of an Optoelectronic-VLSI Chip
With 540-Element Receiver—Transmitter Arrays
Using Differential Optical Signaling
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Abstract—We have constructed an optoelectronic very-large- vertical-cavity surface-emitting lasers (VCSELSs) and photode-
scale integration (OE-VLSI) chip with a 540-element receiver tectors (PDs), represent an enabling technology [5]-[8].
and transmitter array. Differential optical signaling was used  jgjng this technology, we have constructed an OE-VLSI chip
in conjunction with a fully differential electrical architecture ith 1080 PD leSdVCSEL that | fully diff tial
for the receiver and transmitter circuits. The chip was parti- wi _ ) _san ) Sthatemp oys ully ditreren _'a
tioned into multiple functional channels to demonstrate different Optical signaling to realize 540-element receiver and transmitter
chip-to-chip communication functions appropriate for applica- arrays that provide optical input—output (I/O) to the chip in ad-
tions of OE-VLSI technology. Wide optical input—output busses dition to conventional electrical /0. The PD and VCSEL arrays
were provided for each channel in order to demonstrate high were heterogeneously integrated onto a CMOS VLS| chip using

degrees of parallelism. The architecture and design of the chi . . . .
areg describgd in detail, including the digital func%ionality, thep aflip-chip bonding and substrate removal process similar to that

optoelectronic devices, and the arrays of receiver and transmitter described elsewhere [9]. In addition to implementing multiple
circuits. The design verification of the chip is also described. We digital functions suitable for OE-VLSI technology, the receiver,

present experimental results that both verify the full functionality  transmitter, and digital circuits were designed for robustness,
of the chip design and verify that the receiver and transmitter testability, and ease of operability

;:;rrzlgg and digital circuitry met their designed performance Several large-scale OE-VLSI chips previously reported

have employed a mix of single-ended [9], [10] and differential
. . AR . - . - [11]-[14] optical signaling. With the exception of a small
ential optical signaling, driver circuits, mixed analog—digital bset of critical ODLs in 1101 h Il of th derlvi
integrated circuits, optical interconnections, optical receivers, su se_ orcri |c_a s in [10], owever, all ot the l_m er _V'”g_
optical trasmitters, optoelectronic very-large-scale integration €lectrical architectures of the receiver and transmitter circuits
(OE-VLSI), very-large-scale integration (VLSI). in these chips have been single-ended. For those chips that
employed differential optical signaling, a principal motivation
was to overcome the poor contrast ratio available from the
use of multiple guantum-well devices in modulator-based
WO-DIMENSIONAL (2-D) optical data links (ODLS) are transmitters.
capable of delivering the required connectivity and aggre- The chip presented in this work employs differential optical
gate bandwidths between elements in computing and switchigignaling in conjunction with a fully differential electrical ar-
systems [1]-[4]. The 2-D format of this interconnect technologshitecture for the receiver and transmitter circuits with the in-
makes it inherently scalable. Optoelectronic very-large-scakntion of improving the operability of large arrays of receivers
integration (OE-VLSI) circuits that combine the processingnd transmitters. Fully differential electrical architectures pro-
power of silicon complementary metal-oxide—semiconductgide greater immunity to the effects of crosstalk and power
(CMOS) with the efficiency of GaAs-based emitters, such aupply switching noise [15], [16]. The use of differential optical
signaling with a dc-coupled fully differential receiver allows
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ported by the National Sciences and Engineering Research Council (NSERi®Ed decision threshold [17], [18]. In single-ended optical sig-
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Fig. 1. Photograph of the chip after heterogeneous OED integration, highlighting its principal sections: receiver array, digital sectiosithel taaray.

larger. In large-scale OE-VLSI applications, where the numbprevented exhaustive optical testing of large numbers of ODLs
of available ODLs is on the order of hundreds or thousandsmultaneously, it was possible to verify the performance of the
halving the usable ODL density may not be a major sacrifiagip at the targeted data rates.

given the potential benefits described. Although the transmitterThe paper is organized as follows. Section Il presents the
power dissipation increases with differential optical signalinGgMOS chip architecture. Section Ill describes the digital section
due to the need to bias twice as many lasers, the additionathe chip, consisting mainly of the digital-functional channels.
power penalty diminishes as lasers with smaller threshdBgction IV describes the construction of the receiver and trans-
currents are developed. For tight optoelectronic device (OEDjtter arrays, including the OEDs and heterogeneous integra-
pitches of, for example, 12bm, the physical space availabletion, and the receiver and transmitter circuit design. Section V
to implement a receiver or transmitter circuit with single-endedkscribes the multistep design verification of the chip, including
optical signaling can severely limit the circuit complexity thathe design of the validation PCB, the software interface, and the
can be implemented. Thus, from a physical implementatidest benches that were developed. Section VI presents the ex-
perspective, differential optical signaling can be advantagequsrimental results obtained. Section VIl is a summary and dis-
as it provides twice as much area to implement the receiveraussion section.

transmitter.

This chip is to be used in a system demonstrator that imple-
ments a point-to-point interchip link using an optical system
based on free-space optical interconnects or on fiber imageéMultiple digital-functional channels were implemented on
guides. The objective of the system is to demonstrate differghe chip to demonstrate applications suitable for OE-VLSI tech-
functions appropriate for applications of OE-VLSI technologyology. The digital-functional channels included a mix of bit-se-
in chip-to-chip interconnects. The chip was partitioned into foutral processing/routing (often referred to as “smart-pixel” appli-
separate functional channels, with optical 1/0O busses provideations) [9], [14], [20]-[24], and bit-parallel processing func-
for each channel and a single, shared electrical I/O bus whagms [25], [26]. Given a channel-based approach, a modular
width (128 bits) matches the needs of the optical I/O busses.chip floor plan [25] was chosen. A photograph of the chip after

This paper discusses the architecture and design of the chgterogeneous OED integration is shown in Fig. 1, with the prin-
in detail, including its digital functionality, the OEDs, and thecipal sections of the chip indicated: the receiver array, the digital
receiver and transmitter circuits and arrays. The design verificgection, and the transmitter array. These sections are connected
tion of the chip is also described. Experimental verification afith highly parallel on-chip electrical interconnects. The dig-
the chip performance and design is described in detail, includiitgl-functional blocks, to be described in subsequent sections,
the development of the printed circuit board packaging andngere arranged in the middle section of the chip, with electrical
custom software interface that was used to control the opelé, control, and power connections distributed along the top
tion of the chip. Although the printed circuit board (PCB) usednd bottom in multiple rows of flip-chip (C4) bonding pads. The
for the chip testing reported in this paper had limitations thatceiver and transmitter arrays were placed on the left and right

II. CMOS CHIP ARCHITECTURE

Authorized licensed use limited to: McGill University. Downloaded on February 23,2010 at 11:31:07 EST from IEEE Xplore. Restrictions apply.



VENDITTI et al. DESIGN AND TEST OF AN OPTOELECTRONIC-VLSI CHIP WITH RECEIVER-TRANSMITTER ARRAYS 363

Cutput Bus Pads Input Bus Pads
Power Pads Power Fads
digital control, clockung, power pads
- Output Pus Buffers | Input Bus Buffers ,15
b §a Hhan & Lt
4 3 : E 2
Ey 24 - =
& Dutpt Bus Buifers | Wpul Bus Bulters - &
X !g = 5
a3
i %':*,, dg Chos Eg N
=} § = i
= Oulput Bus | Condrel Inpdt Bus : i
? M%X » : B z*t;r i IEU"(@% Transmitter Control Register %é‘
s ,? S48 PN oy ’ ) :‘3"%"‘ v: ('C;
3 7 AP e
i3 £ fChan 8 Ry : %i Lk
g b7 . & o LG o o] =
a = Output Bus Buffers | Input Bus Buffers b ok el g ‘g’:" / - 25 g
[ L s YA | Al vrts b
“ £ ecChan e i . -
3 ) s e s
Cutput Bus Buffers ¥ Input Bus Buffers - L Ll L B
| digital control, clocking, power pads
Powrer Pads Powear Fads
Crotput B FPads Tonpat Bag Fads
~ o A A e _/
Vo
Recemer Array Dngatal Section Transnutter Array

Fig. 2. Block diagram of the ASIC. The middle portion shows the digital section of chip, and the left- and right-hand portions show the receivenattertran
arrays, respectively.

sides of the digital section of the chip, respectively, with dedihe Taiwan Semiconductor Manufacturing Company. The
cated differential pairs of optical inputs and outputs for each @fanadian Microelectronics Corporation provided access
the four digital channels. Power connections were placed alatogthis technology through the MOSIS serviceArrays of

the top and bottom sections of the receiver and transmitter IESELs and PDs were heterogeneously integrated with the
rays in multiple rows of C4 pads. Some electrical /0 and corhip to provide optical I/O capability. Access to heterogeneous
trol pads were placed on the left side of the receiver array a@ED integration via flip-chip bonding was provided by BAE
on the right side of the transmitter array. The chip had a tot@lstems. In Sections Il and 1V, we describe the design of the
of 879 off-chip electrical connections, including 47 for seriadligital section of the chip and the design of the receiver and
data, control, and clocking, 128 each for the electrical input atrdnsmitter arrays in detail.

output busses, 32 for digital power and ground, and 272 each for

power and ground connections for the receiver and transmitter . DIGITAL SECTION FUNCTIONALITY

arrays. Multiple supply voltages were provided for power for . . . .
the receivers (2.5 V), the transmitters (3.3 V), the digital seai The middle portion of Fig. 2 shows a block diagram of the

tion (2.5 V), and the electrical /0 pads (3.3 V). All of thes& gital section of the chip. The chip was partitioned into four
' ' ) : : . Separate functional channels, each of which is described in Sec-
supply voltages were independent of one another on-chip.

tions llI-A-D. Each channel was designed using conventional

The receiver and transmitter circuits were designed for OBl'PitaI design methods. The Verilog hardware description lan-

le/g\tlor:j at 230 Mbt/s ft?hmzqc.f: tlhfe petrforrr:arr\lce of ItheAelr?Ctr,'rE::age (HDL) [27] was used for coding the functionality of each
th E’a s?n ]Enos 0 ef '?r']a' unc |on§1 channels. Ac '?V' nnel, and Synopsys’ Design Compiler software was used to
€ target performance for (he receiver design was comp 'Ca'sgfthesize these designs to the gate level. Cadence Design Sys-

by the need for the receiver to drive long interconnect bus ons’ Design Planner and Silicon Ensemble software were used
out of the receiver array. Achieving the target performance for

the transmitter design was simpler since the long interconnectCanadian Microelectronics Corporation, Kingston, ON, Canada [Online].

busses into the transmitter array were driven by the digital cft¥ailable: www.cme.ca. _ _ _
cuitry 2The MOSIS service, Marina del Rey, CA, USA [Online]. Available:

. . . . WWW.MOSIS.org.
The 14.6 by 7.5-mm chip was designed in a 0u@b-five  spag systems—South Nashua Facility, Nashua, NH, USA [Online]. Avail-
metal, single poly, n-well CMOS process, and fabricated kle: www.baesystems.com.
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to perform automatic placement and routing for some channels read clock

and channel subblocks. Cadence Design Systems’ IC Craftsman 128 ] _}44,

software was used to interconnect the subblocks and channels at I“P“t+. send Transmitter

the top level. Bus FIFO ,%8= Array —}jﬁ»
Banks of centrally located multiplexer circuits were used to o clock i +

connect the electrical input and output busses to the digital chan- write ¢loc optical

nels. The electrical input bus could be connected to multiple (@)

channels simultaneously. Only one channel (the active channel)

could access the electrical output bus at any time. MUX write clock
Multiple sets of input and output buffers were used between 1

4
the input and output bus pads, the digital channels, and the cen- —> Receiver receive | 128 Output
trally located multiplexer circuits. Special care was taken in 128|  Array 128{ FIFO Bus
yark i

matching trace lengths and matching the number of buffers used
between the different bits of the electrical busses in order to re- |
duce skew. optical .
The control register is a register file containing thirteen 8-bit ®)
f‘?g.'StefS that control the functlon anf}' monitor the status of tE% 3. Simplified flow diagram of data transfer between two chips using the
digital channels. The control register is also used to set the céhan (a) SendrIFO on first chip. (b)ReceiveFIFO on second chip.
nectivity of the electrical input and output busses. Individual
registers in the register file are accessed by address. Writin : . . : .
to and reading from a register is performed bit-serially. To ré:\_r% written into thesendFIFO using a write clock. An electrical
2 . . . Tead clock (operated by the read controller) is then used to read
duce the noise induced on the clock lines by the data input lines .
: - X . oyt the 16 128-bits data words from teendFIFO and send
(i.e., crosstalk), a finite state machine (FSM) was |mplement<ﬁ1 . . -
. . . em to the transmitter array for optical transmission to the
to control the programming function of the control register. In . . X
. . - ..~ _second chip. The electrical read clock is also sent to the trans-
order to modify the contents of a register, a specific 4-bit se-; . . .
) mitter array and, with a four-fold redundancy, is transmitted
guence had to be input to the FSM.

optically to the second chip as a strobe signal. Fig. 3(b) shows

The receiver and transmitter arrays served as optical inpyts ; . .
and outputs for the digital channels. Electrical data from the r%le flow diagram of theeceiveFIFO on the second chip. The

. . . received strobe signals from the first chip are demultiplexed,
ceiver array were buffered before being accessed by the digita : . . .
. . . and the optimal signal is selected and used as a write clock to
channels. The transmitter design required complementary data . . . D
. . : oad the 16 128-bit data words received from the first chip into
inputs. Thus, the complement of each signal destined for (e receiveFIFO. An electrical read clock is used to read out
transmitter array was obtained using an inverter, and then b R Lo )
. . e 16 128-bit data words from theceiveFIFO and send them
the data and its complement were buffered before being sen .
. . . o the electrical output bus.
the transmitter array. Care was taken in the selection of the In- . .
. . The send and receive FIFOs in theffChan can operate
verter and buffer circuits to ensure that skew was not introduced ) o . : S
. ) . Independently; thus, it is possible to establish bidirectional
in the complementary transmitter inputs. . . L ; i
point-to-point communication between two chips. It is also
possible to operate a single chip in an optical loop-back

A. First-In First-Out Channel configuration, where the outputs of the transmitter array are

A typical problem encountered in OE-VLSI applica-connemed to the inputs of the receiver array.
tion-specified integrated circuit (ASIC) design is that the Features were added to trﬁié:han.to facilitate the eleg-
performance of the optical interconnect generally exceeHg:‘,"‘I'only testmg of thesendgndrecelveFIFOs. The 128'b't.
that of electrical I/O pads [28], [29]. In applications wherée“al scan chain (SSC) registers were added before the input
data on a wide data bus are obtained from an off-chip sou t and aftgr the output .port. of both theendand receive
to be transmitted optically, the performance of the electric I| Os, allowing thg_electrlcal input and output bus_ses _to be
interconnect can be a bottleneck. The first-in first-out (FIFG}YPassed. An additional test feature (not shown in Fig. 3)

channel ffChan) allows the optical transfer of data betwee as addgd where thg output of tbe_ndFIFO could b? con-
two chips while decoupling the performance of the opticé\eCted directly to the input of threceiveFIFO, bypassing the

interconnect from that of the electrical I/O busses. EIectric!":[Fmsm'tte,r and receiver arrays. Us!ng the;e test features, it

data can be loaded slowly from an off-chip source and thdyRs p055|bl'e to test the read and write functions of each FIFO

burst-transmitted optically. The channel consists ofemd without relying on optical I/O.

FIFO and areceiveFIFO, each implemented as a 128-bit by )

16-word dual-port static random access memory (SRAMP: Data Generation Channel

block. Independent read and write clocks are used to load datdhe data generation channelgChar) was implemented to

to and read data from each FIFO. facilitate the bit-error testing of large transmitter and receiver ar-
Data transfer between two chips is illustrated in Fig. 3ays at high speeds. It incorporates a 16-bit linear feedback shift

Fig. 3(a) shows the flow diagram of tlsendFIFO on the first register (LFSR) that generate8'd — 1 bit pseudorandom bit se-

chip. The 16 128-bit data words from the electrical input buguence (PRBS). Thi#gChanconsists of 128 corresponding sets

L read clock
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CiockD~] }gﬂzt ca!ly transmits them each_with four-fold rgdundancy. Thave
Scan Tns chip subsequently demultiplexes these S|gn.a}ls.
MUX s DFF X Features were added to tlgChanto facilitate the elec-
(">’ Comparator trical-only testing of thecomparator and toggle/scancells.
» Scan Out The D flip-flops (DFFs) within thecomparator cells were
@ connected in an SSC. Both this SSC and the one comprised of
toggle/scan DFF— Output DF_Fs within thetoggle/scarcells were accessible directly via
RX )> ’ MUX [+ g chip 1/0 pads. They could be used to bypass the transmitter and
Clocko— receiver arrays as well as the electrical output bus. Using these
(b} test features, it was possible to test the read and write functions

of each FIFO without relying on optical 1/O.

E:Igﬁqgéra?(;rrzgllllf.led flow diagram of thedgChan (a) Toggle/scancell. (b) C. Feed-Through Channel
The feed-through channdtChar) was implemented to per-

of toggle/scarand comparatorcells (described below), trans-form data routing functions similar to those implemented in
mitter and receiver circuits, and electrical input and output b@gher smart-pixel based OE-VLSI chips [9], [14], [20]-[24]. It
bits. is capable of performingdd drop, andfeed-througtunctions

Simplified flow diagrams for the toggle/scan and comparat@? 128 bits of data. AftChanunit cell consisted of a receiver
cells are shown in Fig. 4. Fig. 4(a) shows the flow diagram &frcuit from the receiver array, a multiplexer, a corresponding
a toggle/scan cell, which can operate in toggle or scan mod@nsmitter circuit from the transmitter array, and corresponding
All 128 toggle/scarcells form an SSC, where ti§can Oupin  Dits on the electrical input and output busses. Inaiémode,
of one cell in the chain was connected to ®Bean Inpin of data from the electrical input bus are ltransmitted optica!ly by
the next cell in the chain. An enable signal is provided for eadfie transmitters. In thelrop mode, optical data are received
toggle/scarcell from a corresponding bit on the electrical inpubY the receivers and placed on the electrical output bus. In the
bus. If the enable bit is held low, the corresponding transmitt§ed-thougtmode, optical data are received by the receivers and
circuit is sent Logic 0. In toggle mode, theggle/scarcell gen- immediately retransmitted optically by the transmitters as well
erates a square wave at one half the frequency of the input clo®k.P€ing placed on the electrical output bus.
In scan mode, the firdbggle/scarcell in the scan chain takes _Unlike the other digital channels, tife&Chandoes not pro-
its input from the output of the LFSR, and the PRBS is shiftefd® any specific electrical-only test features. Tit@€hanis,
through the chain abggle/scarcells, optically transmitting the however, the d|.g|tal channel 'that prov'ldes 'Fhe most direct ac-
PRBS data. Although this approach allows for the generation@#SS 0 transmitter and receiver circuits, without the need for
alarge amount of PRBS data, the data appearing at neighbo/@fyy ¢locking. Many of the test results presented in Section VI
toggle/scarcells are correlated in time [30]. were obtained using thiéChan

Fig. 4(b) shows the flow diagram ofa@mparatorcell. Each )
comparatorcell could be used to perform rudimentary erroP- Error Correction Channel
detection by comparing optically received data against the ex-n the early development of OE-VLSI chips and systems,
pected data stream generated by the LFSR. The PRBS dataining high reliability of the optical interconnect has been
from the correspondinpggle/scarcell is used for comparison a principal yet difficult goal to attain. Yield problems beyond
against data obtained from the corresponding receiver circuitthbse normally associated with VLSI fabrication can result in
the received data is correct, tbemparatorcell outputis Logic an ODL having a higher than normal bit-error rate (BER) or
1; otherwise, it is Logic 0. The corresponding bit on the elegne that is permanently inoperative. Such problems can occur,
trical output bus can either be the output of toenparatorcell  for example, during heterogeneous OED integration or during
or the direct output of its corresponding receiver. system packaging and alignment with an optical system, which

Optical data transfer can take place between the transmitteas result in dead VCSELS, dead PDs, or reduced optical link
and receivers of the same chip or between two different chips.dawer throughput due to aberrations or misalignment in the op-
the single-chip case, theggle/scarcells,comparatorcells, and tical system.
the LFSR operate from the same clock signal, making synchro-The use of forward error correction (FEC) techniques in
nization simple. In the two-chip case, more elaborate synchtong-haul optical communication systems is a common ap-
nization is required. Thenasterchip performs the PRBS dataproach to improving reliability and is typically based on long
generation and optical transmission. Hhevechip receives op- block lengths and high information rates using time-sequential
tical data and performs the comparison. Slevechip also gen- (i.e., bit-serial) encoding and decoding functions [31], as
erates the PRBS data in phase with thasterchip using its illustrated in Fig. 5(a). The use of data (de)multiplexing in the
local LFSR by synchronizing its clock with that of theaster time domain is also common in such schemes. In OE-VLSI
chip and also by receiving a “start” signal from it. This is acsystems, the density of the optical interconnect precludes the
complished using clock and enable signals transmitted opticafiged for data (de)multiplexing. It is also preferable to avoid
from themasterchip to theslavechip. As these two signals aretime-sequential encoding and decoding because a permanently
essential to the operation of tlgChan the master chip opti- inoperative ODL cannot be overcome. Fig. 5(b) illustrates an
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Fig.5. Comparative flow diagrams of FEC implementations. (a) Time-sequential (bit-serial) FEC approach with a serial data stream and a S@j&laadet
FEC approach using a parallel codec to transmit all bits of a data word in parallel.

FEC approach using a parallel decoder that receives an entordypass the receiver circuits and the electrical output bus, re-
code word each clock cycle from the parallel transmission epectively. The decoder has additional registers to allow errors
optical data on multiple ODLs [32]-[34]. In such an approacto be inserted into the decoder input and to monitor the internal
using an appropriate FEC scheme, it is possible for one lmehavior of the decoder. In th®/passmode, the encoder and
more permanently inoperative ODLSs to exist and still maintaihecoder of each subchannel are bypassed. No data processing is
error-free communication. performed in this mode, facilitating the testing of the remaining
The error correction channet¢Chan was implemented as acircuitry.
parallel coder—decoder pair (codec). The FEC scheme selected
was the Golay code [35]. The block length of the Golay code
is 24 bits, its information rate is 0.5 (it is thus referred to as a
(24, 12) code), and it is capable of correcting up to three errorsThe left- and right-hand portions of Fig. 2 show block
and detecting up to four errors in a 24-bit encoded word. Tldgagrams of the receiver and transmitter arrays, respectively.
selected implementation of the (24, 12) Golay codec, which usBse receiver and transmitter arrays are comprised of 540
purely combinational circuitry, is particularly suitable for VLSIreceiver and 540 transmitter circuits and serve as optical 1/0
implementation due to its compactness and low latency [32dr the digital-functional channels described in Section .
[36]. The receiver and transmitter circuits in the arrays [discussed
The ecChanhas six subchannels, each consisting of 24 res Sections 1V-A-D] were organized into groups that were
ceiver circuits, 24 transmitter circuits, an encoder, a decodeantrolled independently to allow for operational flexibility.
and the 12 corresponding payload bits on the electrical ingaach channel had 128 bits of optical 1/O organized as four
and output busses. In total, teeChanuses 72 bits of data on common-control groups of 32 bits in each array, as indicated in
the electrical input and output busses and 144 receiver and traffig: 2. Additional optical I/O was allotted to some channels on
mitter circuits. Although twice as many ODLs are required tthe right-hand side of the receiver array and the left-hand side
achieve the same throughput of an unencoded link for the saaighe transmitter array, as indicated in Fig. 2. Tf@&hanhad
ODL data rate, it should be noted that, theoretically, the use ar additional 4 bits of optical 1/O used for the read and write
parallel FEC could achieve an improved ODL data rate due ¢tocks for the channel’'sendandreceiveFIFOs, respectively.
coding gain [32]. The dgChanhad an additional 8 bits of optical I/O used for
There are three modes of operation for #®Chan In the clock and enable signals. TleeChanhad two additional sets
normalmode, there are only combinational circuit elements iof 8 bits of optical I/O. These additional sets of bits for the
the data paths. The six subchannel encoders directly encodegt€hanare located adjacent to the 32-bit common-control
72 bits of data on the electrical input bus, with the resultingroups of thédtChanandecCharnin the receiver and transmitter
144 bits of encoded data sent to the transmitter circuits. On hieays (refer to Fig. 2). All additional sets of transmitter and
decoding side, the 144 bits of data obtained by the receiver agieceiver circuits formed independent common-control groups
cuits are decoded by the six subchannel decoders into 72 bits andach array.
placed on the electrical output bus. In tlestmode, a number A vertical column of digital buffers was inserted approxi-
of sequential circuit elements are added to the data paths torfately in the middle of the receiver and transmitter arrays, as
cilitate electrical-only testing. The encoder has SSC registerssabwn in Fig. 2. This was done to break up the long electrical
its inputs and outputs that can be used to bypass the electriogérconnects out of the receiver array and into the transmitter
input bus and the transmitter circuits, respectively. The decoderay into shorter and more uniform segments. The control reg-
also has SSC registers at its inputs and outputs that can be uststs for the receiver and transmitter arrays were located at the

IV. RECEIVER AND TRANSMITTER ARRAYS
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vertical center of their respective arrays, with some dedicat(l
I/0 and power pads on the left-hand side of the receiver arr
and the right-hand side of the transmitter array, as shown
Fig. 2. These control registers were used to digitally set the ma
nitudes of various parameters (feedback resistance magnit
for the receivers and bias and modulation current magnitude
the transmitters) and to control the enable and test signals
each common-control group. The power pads along the top
the arrays provide power for the receiver and transmitter c
cuits for theffChananddgChan and the power pads along thejis
bottom of the arrays provide power for the receiver and tran ('a) ' ' (b)

mitter CII’CUI_tS for theftChanandecChan The supply VOItag_e_ Fig. 6. Photographs of a 22 PD subarray (a) before and (b) after
for the receiver array was 2.5 V for voltage-level compatibilityeterogeneous integration with the chip. p and n contacts and a unit cell are
with the digital section of the chip, to which it directly inter-indicated. PD active areas are on a }@8-horizontal and vertical pitch. Unit
faces. The supply voltage for the transmitter array was 3.3 V {§/'s &€ on a 12m horizontal and 25¢em vertical pitch.

accommodate the relatively large forward-bias voltage drop of ‘
i i
@ |

— e ¢ — — i — —

the VCSELs. The inputs to the transmitter array are generat

act
directly from the digital section of the chip and are rail-to-rai .
2.5V CMOS signals.
The receiver and transmitter circuits were designed for o @
eration at a data rate of 250 Mb/s. Sections 1V-A-D descrili N

-

‘i . contact T

the characteristics and modeling of the PDs and VCSELs us -

in the receiver and transmitter arrays, the design of the recei 4

and transmitter circuits, and the formation of the receiver a h

transmitter arrays. §
i Pl S T J

A. PD and VCSEL Properties, Modeling, and Integration (a) '(b)

The 34-row by 35-column PD and VCSEL arrays wer€ig. 7. Photographs of a 22 PD subarray (a) before and (b) after

; : ; : terogeneous integration with the chip. The p and n contacts are indicated.
hetererneOUS|y Imegrated with the CMOS Chlp using t e p and n contacts and VCSEL active areas are on a«b2%orizontal and

flip-chip bonding and substrate removal procedures simil@rtical pitch.
to that described in [9]. Of the 1190 devices in each OED

array, 1080 were used with transmitter or receiver circuits. The TABLE |

remaining 110 OEDs in each array are physically present but PD AND VCSEL OPTICAL AND ELECTRICAL PROPERTIES

not_ electrica!ly connected.to receiver or transmitter circuits Ty o—— r— i

This occurs in the two ho_rlzontal rows of OEDS. that covere responsivity 7 BT AW L 108

the receiver and transmitter array control registers and t o . o 500 F

vertical column of OEDs that covered the buffers in the receiv junction capacilusice o

and transmitter arrays (refer to Fig. 2). Additionally, two set dark eurrent S ot 6 nA

of four OEDs near the four-element common-control group ¢

the ffiChan (refer to Fig. 2) were not connected to receiver c....... YCSEL Parameter Symbol Value

transmitter circuits. threshold eumrent (@25°C) Iyl 1.400 mA 75 pA
The PDs were fabricated by BAE Systems with square acti .. efficiency (@25°C) Moo 0.340 W/A + 10 mW/A

areas of 5Qqum on a side and 1% 15 pzm pads for the p and @lﬂ;

n contacts. The array was constructed as a tile of two-row | fy; iemperture dependence T 151 pAcC
one-column unit cells on 12pm horizontal and 25@:m ver- '
tical pitches. Within a unit cell, the p and n contacts of the to
and bottom PDs were mirrored about the horizontal axis. Tl gmrentia resistance (2-5 mA) aR|

&n " WAL
ar 2.2 mW/ASC

7 temperature dependence

TNTREI210

PD active areas were placed on a J28-vertical pitch. When v Aima
the unit cells were tiled, the active areas of all PDs were on Hreshold voltage (@ 2mA) 19 st 1380V £1TmV
125um grid. Fig. 6(a) and (b) shows photographs of a 2 junction capacitance C, 500 ¥

PD subarray before and after heterogeneous integration, respec-

tively. Unit cells are indicated. This specialized PD contact ar- S

rangement was beneficial for routing receiver outputs out of tfRets and were arranged on a standard A@bgrid. Fig. 7(a)

receiver array and is discussed in greater detail in Section IvV-@1d (b) shows photographs of a2 VCSEL subarray before
The VCSELS were fabricated by EMCore Carith 10um  and after heterogeneous integration, respectively.

diameter active areas and ¥&5 um pads for the p and n con- Measurements were taken on OED samples to determine their
nominal optical and electrical properties and their sensitivity to

4EMCore Corp., Somerset, NJ, USA [Online]. Available: www.emcore.coniemperature variations. Table | summarizes the optical and elec-
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trical properties of the samples. All property values are mea¥;, for the receivers in all common-control groups that form
sured quantities except for those stated as exact numbers, whidthigital-functional channel are connected together, and can
are quoted from OED manufacturer data sheets. The PD respo@-used to inject small amounts of current (approximately
sivity across the sample array was found to be highly unifor60 pA) into either input of the preamplifier circuit, mimicking
and insensitive to reverse bias voltage, temperature, wavelengthjfferential input photocurrent.
and incident power. Most VCSEL parameters were also foundThe feedback resistances used in the TIA preamplifier con-
to be fairly uniform across the sample array, with the differefiguration [resistors RF in Fig. 8(b)] are implemented using ac-
tial resistance being an exception. tive devices and can be tuned using digital control inputs [42].
During receiver design, the PDs were modeled using lump&te transistor-level implementation of the feedback resistance
circuit elements, with optical power represented as a voltageshown in Fig. 9. One reference N-type metal-oxide—semicon-
signal. A capacitor was used to model the junction capacitandeictor (NMOS) transistor (MR) and four other NMOS transis-
and was placed in parallel with a voltage controlled curretdrs (M0—M3) are all connected in parallel. MR was kept perma-
source to model the conversion of incident optical power teently conducting by having its gate terminal connected to the
input photocurrent, using as the transconductance gain pareceiver supply voltage. This establishes a nominal resistance
rameter. Two different models were used for the VCSELSs durirgjual to approximately 16 k2 for small current magnitudes.
transmitter design. One was a simple model using lumped citransistors M0 through M3 have width-to-length (WI/L) ratios
cuit elements. A dc voltage sourdg y was placed in series progressively increasing by a factor of two. MO is the smallest
with a resistord R, and both elements were placed in parallelith the same WI/L ratio as MR. When M0O-M3 are made con-
with a capacitorC; to model the junction capacitance. Thealuctive by setting their corresponding gate terminal control volt-
VCSEL output power, represented as a voltage signal, was magdes ¥..,1(0—3)) to a digital Logic 1 voltage, resistor values
eled using a current-controlled voltage source usjras the of approximately 16, 8, 4, and 2-K2, respectively, are estab-
transresistance gain parameter. Although satisfactory for initiahed. A total of 16 different effective RF magnitudes can be
transmitter designs and used frequently in the literature [8], [#stablished from 16 down to 1 R. The active-high/..,1(0—3)
[37], this lumped element model was unable to model criticabntrol inputs are common to all receivers in a common-control
elements of VCSEL operation such as below- or near-threshejbup, with different control input sets for each common-con-
operation and the temperature dependenciel-gf andn. A trol group.
more accurate VCSEL model based on behavioral modelingrig. 10 shows a block diagram of the receiver and is ap-
[38]-[{40] was developed using Verilog-A, a behavioral HDL foplicable for either preamplifier design. There are four circuit
analog circuits. The Verilog-A model was based on the lumpggages that follow the preamplifier, including two postampli-
circuit model, but it incorporated the typical diode-like expofier stages, a Schmitt-Trigger inverter stage, and a line driver
nential current-voltage relationship, as well as the temperatgtage. The two postamplifier stages are parallel NMOS- and
dependence of the threshold current and slope efficiency, as Hetype metal-oxide—semiconductor-based folded cascode dif-

tailed in Table I. ferential amplifiers that employ feedback to maintain bias point
. o ) stability [43]. They are intended to amplify the preamplifier
B. Receiver Circuit Design output to signal levels that approach the receiver power supply

One of the principal reasons that differential optical signalingils and to convert the differential signal into a single-ended
was employed was to accommodate the dc-coupled natureooe. The hysterysis provided in the transfer characteristic of
the input photocurrent. Optically single-ended receivers hatlee Schmitt—Trigger [44] stage provides immunity to switching
a fixed decision threshold, and variations in the average inpuaise on the receiver power supply rails [9], [45]. The line driver
photocurrent across an array of receivers can cause severestpge is a pair of cascaded inverters with a W/L stage ratio of ap-
erational problems in receiver groups that are commonly biaggximately three. Its purpose is to ensure rail-to-rail receiver
and/or controlled [17]. In optically differential receivers, a fullyoperation and to drive the on-chip interconnect to the nearest
differential preamplifier architecture with common-mode feedsuffer, which can be up to 2 mm away, at the target data rate of
back (CMFB) circuitry [41] stabilizes the operating point an@50 Mb/s.
common-mode output voltage of the preamplifier in the face of A representative receiver layout with the CGA-based pream-
variations in common-mode input photocurrent. plifier design is shown in Fig. 11. The receiver layout for the

Two preamplifier designs were implemented. One is bas&tiA-based preamplifier design is very similar. The layout is di-
on a feedback-free common-gate amplifier (CGA) with &ided into two separate regions, each of which is protected by
diode-connected load, and the other is based on a conventianzrd rings to immunize the circuit from substrate noise [46].
differential transimpedance amplifier (TIA) with resistiveThe line driver stage is in the smaller region on the right side
feedback. Transistor-level schematics of the CGA and TIéf Fig. 11, isolated from all of the other receiver circuit stages
are shown in Fig. 8(a) and (b), respectively. A commoim the larger region on the left. Isolating the line driver stage
feature of the two preamplifier designs was the inclusion dielps prevent the switching noise it generates from affecting the
circuitry (transistors MP in Fig. 8) to allow for functionaloperation of the other receiver circuit stages and neighboring
circuit testing prior to heterogeneous OED integration. Aftaeceivers. The region with the line driver stage has:&bhor-
heterogeneous integration, the PDs would appear in paraligntal and 18:m vertical dimensions. The region with the re-
with transistors MP, as indicated by the dashed lines in Fig. ®aining receiver circuit stages has approximately:@dHhori-

The corresponding active-low digital control input$;; and zontal and 36:m vertical dimensions. The two layout regions
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Fig. 8. Transistor-level schematics for the (a) CGA and (b) TIA preamplifier circuits illustrating CMFB, test mode circuitry, and control inpldsafibns of
the PDs after heterogeneous OED integration are indicated by dashed lines.
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Fig.9. Transistor-level schematic of TIA preamplifier feedback resistance RFg. 11. Layout of receiver with CGA-based preamplifier design. The line

driver stage (right-hand side region) was isolated from the other circuit stages
to mitigate switching noise effects.

are separated by approximately 2B1. This separation could

have been made larger to improve isolation, but would have re-

quired the Schmitt—Trigger stage to be designed to drive a longer

__2v" interconnect, which would have resulted in additional switching

noise being generated.

L The power dissipation of the receiver circuit was estimated to
CMFB be between 8.5 and 9.5 mW per receiver under most operating

conditions at a data rate of 250 Mb/s. Tit€han which uses

Fig. 10. Receiver block diagram, applicable to either preamplifier design. the smallest number of receivers, would dissipate approximately

pre- » post- | post- Schmitt- Line
amplifier fi ampliﬁer""ampiiﬁerm’ Trigger M Driver
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Fig. 12. Simplified transistor-level schematic of transmitter circuit,

illustrating test mode circuitry and control inputs. The location of the VCSELS L .

after heterogeneous OED integration are indicated by dashed lines. Fig. 13. _Slmpllfled schematic of the_ MCCB and BCCB._AII current sources
and transistors in the MCCB are twice as large as their counterparts in the

BCCB.

1.23W. TheecChanwhich uses the largest number of receivers,
would dissipate approximately 1.37 W.

C. Transmitter Circuit Design

The optically differential transmitter circuit is based on a cu
rent steering design, and its simplified schematic is shown
Fig. 12. A current steering design was chosen over a curr
switching design [30] to minimize generation of power suppl
switching noise. Each VCSEL is offset biased with a bias cur=
rent (IB). The intermediate modulation current (IM) was steerq_xljg 14, Transmitter circuit layout
through one of the two VCSELs by transistors M1L and M1IR™ = '
using complementary rail-to-rail CMOS inpuigy and Vinp.

Operation of the transmitter is as follows: In the logic low (highfommon-control group. Each common-control group of trans-
transmitter state witfix low (high) andVixp high (low), IM  mitter circuits has independent/.,;(0—4) control inputs.

is steered through M1R (M1L), causidg,z(Po) to outputa  The transmitter design includes circuitry to allow for circuit
large amount of optical power adth (Po ) to output a smaller testing prior to heterogeneous OED integration in the form
amount of optical power. of transistors M2L and M2R (see Fig. 12). These additional

The IM and IB current sources shown in Fig. 12 are tunabteansistors would be in parallel with the VCSELs after het-
from control circuits with digital control inputs called the mod-€erogeneous OED integration is performed, as indicated by the
ulation and bias current control block (MCCB and BCCB), redashed lines in Fig. 12. The corresponding active-low digital
spectively [42]. The MCCB and BCCB are digital to analog corgontrol inputsnV;; and nV;, are common to all transmitters
verters and are identical except for the sizes of their constituémtall common-control circuit groups in a digital-functional
transistors; those in the MCCB are twice as large as their BCCBannel. When enabled, M2L and M2R allow electrical paths
counterparts. The inputs to the MCCB and BCCB are sets tofexist for the IM and IB currents to flow when the VCSELs
five active-low digital control signals used to encode the curreate not present in the circuit topology.
magnitude. For the MCCB, the range of settable IM currents The physical layout of the transmitter is shown in Fig. 14.
was from 0 to 4.96 mA in increments of 16@. Forthe BCCB, The layout utilizes guard rings to immunize the circuit from
the range of settable IB currents was from 0 to 2.48 mA in irswitching noise via the substrate. The layout area has dimen-
crements of 8Q.A. Fig. 13 shows the simplified schematic ofsions of 150um horizontally and 5%:m vertically.
the MCCB and BCCB. Each digital control input is connected The power dissipation of the transmitter circuitWisDD -
to a corresponding switchable current source. The least sigriif-x 1B + IM) and is largely dependent on the set magnitudes
icant control bitnV,,1(0) is connected to the smallest currenfor IM and IB. Under worst-case conditions of BB 2.48 mA
source, and subsequent control hilg..,;(1—4) are connected and IM = 4.96 mA, power dissipation would be as high as
to current sources whose magnitudes progressively increase8By7 mW per transmitter. For more typical operating conditions
a factor of two. A diode-connected transistor collects curreaf IB = 2 mA and IM = 4 mA, power dissipation per trans-
from the activated current sources and generates the contnitter would be 26.4 mA. The transmitters for an entire dig-
signalVg . Each common-control transmitter group has its owital-functional channel would dissipate between 4.2 and 4.7 W
MCCB and BCCB, and the generat&g signals are used to setof power in the worst case and between 3.4 and 3.8 W of power
the magnitudes of IM and IB for all transmitter circuits in then the more typical case.
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D. Array Construction i

The construction of the receiver and transmitter array layou NH NE NH NE
was performed manually using a bottom-up approach. Receiv Routing Channel
unit cell layouts for each of the two preamplifier designs and tr
transmitter unit cell layout were prepared, including verticall
oriented power and ground rails and appropriately located cc
tact pads and passivation windows for OED integration. Upc pmgp ol :
completion, the unit cell receiver and transmitter layout block- - - - - - = === == o oo oo oo oo T Lo .

ST o !

were easily tiled to form the common-control circuit groups fo, NE NE NE NE

1

the digital-functional channels. In the case of the receivers, i
common-control group always consisted of receiver designs, —— Routing/Channel i
1

1

the same type—CGA and TIA designs were never mixed. NH NE NH NHE
Upon completion of the layouts for the common-control rei
ceiver and transmitter circuit groups, the layouts of the po " 2~ e v | = Be—d . — |
tions of the receiver and transmitter array for each of the di
ital-functional channels was prepared by tiling the layouts ¢
the common-control circuit groups. With the exception of th| mp | Ssksmms : e =
ftChan all common-control receiver groups that form a dig------"=e==== e oo FTo==T oo oo oo -
ital-functional channel consisted of receiver designs of the sar Routing Channel
type to maintain uniform receiver latency within a channel. Thi NE NE NE NE
common-control groups of théChanandecChanused TIA- !
based receiver designs, whereas those adg¢@hanused CGA-
based receiver designs. In the case offtlidnan uniform la- Fig. 15. Representative:22 layout tile of receiver unit cells. The receiver
tency was not a design consideration, and the receiver desiﬁﬁ@“t ofa ynit cellis s_ymmetric about the horiz_ontal. The unit cell tile resu_lts
. wide horizontal routing channels for the receiver outputs out of the receiver
used for the four common-control groups were evenly split bgz 5.
tween TIA- and CGA-based designs.
The interconnections between the receiver outputs and buffer ) ) )
circuits and between the buffer circuits and transmitter inpdi@’ Packaging the ASIC using a chip-on-board approach.
were then routed. The layouts of the two receivers in a receifefPacitors were placed around the ASIC to decouple the
unit cell were mirrored about the center horizontal axis of tHPWer supplies and reduce switching noise. The conductive
unit cell to match the specialized PD contact arrangement g€ was plated with gold, contained thermal vias to aid in the
scribed earlier in Section IV-A. In the receiver design, the p arflistribution of heat dissipated by the ASIC and was maintained
n contacts of each PD were connected to the preamplifier inftitground potential. Due to wirebond pitch limitations on the
and to the receiver supply voltage, respectively. The supply voff2iP and the validation PCB, bonding fingers were provided
ages were routed vertically using the top two metal layers. Th{ig, connect to only a subset of the pads on the ASIC. These
by performing the horizontal mirroring of the PD contacts antjicluded the rows of pads that provide power to the receiver
receiver layouts, wide horizontal channels devoid of any intef'd transmitter arrays that are closest to the chip edges and
fering circuitry or lower level metal layers were created belo"€ row of power pads for the digital section of the chip and
the PD n contacts when receiver unit cells were tiled. These witfé the chip pads themselves. Additionally, bonding fingers
routing channels facilitated the routing of the many receiver o7& Provided for all of the scan chain I/O, control, and clock

puts out of the receiver array with increased spacing, helpinggds for the digital section of the chip and the receiver and
reduce electrical crosstalk. Fig. 15 illustratessa2 layout tile  ransmitter control registers. There were no connections for
of receiver unit cells, including the locations of passivation wirfn€ €lectrical input and output busses. Of the 879 chip pads,
dows for the PD p and n contacts. The locations of the routif@§ly 216 wirebond connections were made to bonding fingers
channels are indicated. of the validation PCB. Fig. 16(a) shows a photograph of the

Completion of the receiver and transmitter arrays was pdortion of the backside of the validation PCB, where the
formed by positioning each section of the array corresponding®>'C 1S packaged. Fig. 16(b) shows a photograph of the entire

the digital-functional channels, adding the layouts for the powBckside of the validation PCB. It should be noted that the
pads, buffer circuits, and the receiver control /0 and then mafiS!C was designed for packaglng via fI|p-'ch|p bond'ng toa
ually routing all the electrical interconnections. PCB or fanout substrate for the incorporation of the chip in a

point-to-point interchip link.
The front side of the validation PCB contains all of the com-

V. POSTFABRICATION ASIC DESIGN VERIFICATION ponents used to operate the chip, and is shown in Fig. 16(c).
I Connectors provide raw power to sets of voltage regulators for
A. Valigation PCB the digital section of the chip and the top and bottom portions of

A custom PCB was designed and fabricated to assist time receiver and transmitter arrays. The voltage regulators serve
design verification and to perform testing of the ASIC. Th& minimize resistive voltage drops on these power supply lines.
backside of the validation PCB contained a conductive aréal00-pin connector was used to interface the various control

Hr

Authorized licensed use limited to: McGill University. Downloaded on February 23,2010 at 11:31:07 EST from IEEE Xplore. Restrictions apply.



372 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 9, NO. 2, MARCH/APRIL 2003

b T e "!'1 S
_N et '[1. a .&ug,u |
Pl

i i

manGhanne
in en om

Fig. 16. Photographs of chip packaging and validation PCB. (a) Close-up of packaged and wirebonded chip. (b) Backside of validation PCB. @)Front sid
validation PCB.

and data lines on the chip with a digital I/O card inside a conand control registers. These test benches were ported to the
puter running a custom software interface program describedda+ programming language directly from the Verilog test
Section V-B. This ASIC-computer interface is capable of opebench routines used to verify the design of the ASIC prior
ating only at slow speeds on the order of 100 kHz. To allow the fabrication. Several scan tests were implemented for the
chip to be operated significantly faster, one of the global clodontrol registers, the SSCs at the input and output ports of the
signals on the chip was connected to a high-speed connectoff@han sendand receiveFIFOs, the SSCs for thiaggle/scan

the validation PCB. The high-speed connector was positiongdd comparator cells of thedgChan and the SSCs at the

close to the corresponding clock pad of the chip. inputs and outputs of the encoders and decoders @fdBhan
These scan tests scan a series of test vectors through the
B. Software Interface SSCs and verifies that the same vectors are scanned out. Test

A custom software interface was developed to control a Neector generation could be achieved either deterministically
tional Instruments PCI-DIO96 digital I/0 card. The I/O card iner randomly. For thédfChan a number of memory tests were
terfaced with and controlled all operational aspects of the ASi@plemented to detect defects in the FIFO SRAM storage
on the validation PCB. A graphical user interface (GUI) waslements. These tests write vectors to the SRAM, and then
used to control low-level capabilities, including the ability taead them back out for verification. Multiple sequence types
write or read individual pins on the ASIC and to write or readould be generated to test for various defect classes [47], such
any of the registers in the digital section control register aras random vectors, constant-increment vector sequences, and
the receiver and transmitter control registers. Additional GUIgjalking zeroes(01111,10111,11011,11101,11110,...) and
which make use of the low-level routines, were developed to fanes (10000, 01000,00100, 00010, 00001, ...). For the ec-
cilitate control of the receiver and transmitter arrays when pethan special test benches were developed to test the encoding
forming optical testing in the laboratory. and decoding functions. Unencoded vectors could be scanned

Higher level test bench routines and GUIs were developédto test the encoder. Pre-encoded vectors could be scanned
to perform extensive testing of the digital-functional channels to test the decoder. The pre-encoded vectors could also be
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scanned in and have errors injected prior to being decoded to
test the error-correction capabilities of the decoder.

C. Design Verification

Postfabrication verification of the chip design was performed
in multiple steps. During fabrication of the chip, the software
interface was debugged using a simulated version of the ASIC
[48]. Verilog and Verilog-A HDL models were developed for
the digital circuitry and the receiver and transmitter arrays. The
complete HDL model for the chip was simulated within the
Affirma software environment from Cadence Design Systems,
running on a SUN Ultra-60 workstation. The software interface
for the chip, running on an IBM-compatible personal computer,
interfaced with the simulated chip by replacing the PCI-DIO96
card interface code with function calls from the Verilog pro-
gramming language interface, allowing the 1/0 pads of the sim-
ulated chip to be accessed through TCP/IP ports. Fig. 17. Al VCSELs in transmitter array biased below threshold. Inoperative

Upon completion of chip fabrication and software interfac¥CSELs at any bias current indicated by white dots. Dark regions correspond

. . . . .to VCSELSs not connected to transmitter circuits.

debugging, a chip, without heterogeneous OED integration

having been performed, was packaged on a validation PCB.

Electrical-only testing was performed using the software . | et

interface to verify the chip design by running through the suite L

of digital test benches described in Section V-B. During initial y')

testing, a design error was discovered where a clock and a ¥
f -~ TB/64

3
e
*

s @
W
n @

&
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data input pad were incorrectly wired to the internal circuitry.
These errors were corrected on a number of fabricated chips
using a focused ion beam microsurgery technique from Fibics,

«

bt

h
-

Average Power (mW)

Inc5 The repaired chips subsequently passed all of the digital 0.10 7 D32
test benches. Electrical-only testing was also performed on Y -

) . L . 0.05
the receiver and transmitter circuits, making use of g i J
and nV;, digital control inputs, as discussed in Section IV. 0.00 Ssur - T : r T :
For the receivers, these control inputs were used to force all 00 05 10 15 20 25 3.0 35 40 45
outputs to a common logic state, which were checked using Current (mA)

the available SSC registers in the digital-functional channels.

For the transmitters, an indirect form of operational testing wg¥- 18. Average light-current characteristics for transmitters in a
d. The transmitter inputs were accessed via the avail mmon-control group of thelgChan The IB/64 curve was obtained by

used. A : h p ) ’ eping IB with IM held at 0. The IM/32 curve was obtained by sweeping

SSC registers in the digital-functional channels. Using thesewith IB held at 0.

inputs, along with the,V;; andnV;, control inputs and the IB

and IM magnitude control inputs, various current paths in the, e 1047 of 1080 VCSELSs operative, for a yield of 96.9%.
tran_sm|tter were established ar_ld _ehmmated, a!lowmg Cru?i‘?g. 17 shows the illuminated transmitter array biased below
testing to be performed by monitoring chgng_es in the currefeshold. The inoperative VCSELSs are indicated by white cir-
drawn by the voltage regulators on the validation PCB. cles and were found to occur in a mix of random and clustered
locations. It should be noted that the dark regions (one single
VI. EXPERIMENTAL TEST RESULTS vertical column, two horizontal rows, and two sets ok 2
After the ASIC design was verified, heterogeneous OESfuares in the top-left section) of the otherwise illuminated array
integration was performed on additional chips which wereorrespond to the locations of VCSELs that are not connected
subsequently packaged on validation PCBs. Most of the té@transmitter circuits, as described in Section IV-A.
benches described in Section V were run on these chips tol he light—current characteristics for the VCSELs in a repre-
ensure they were free from manufacturing defects. Sub&g@ntative common-control group (the common-control group of
quently, a number of optical experiments were performed tdedgChanin which all 64 VCSELSs are operative) are shown in
characterize the postintegration qualities of the receiver aht@. 18. The IB/64 curve was obtained by measuring the aggre-
transmitter circuits. gate output power of all 64 VCSELs as the IB magnitude set-
The postintegration yield of the VCSELSs in the transmitteling was swept through all 32 possible states from 0 to 2.48 mA
array was determined by setting the bias currents of all the trai4th IM kept at 0 mA. The IM/32 curve was obtained by setting

mitters to forward-bias all of the VCSELs in the array. Therall of the transmitters in the group to be in Logic State 0 and
measuring the aggregate output power of 32 VCSELSs as the IM

SFibics, Inc., Ottawa, ON, Canada [Online]. Available: www.fibics.com. magnitude setting was swept through all 32 possible states from
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A iChan
O dgChan
B fi('han
ecChan

Average Output Power (W)

Fig. 19. Average VCSEL output power for IB: 2 mA in each common-control group. The spatial arrangement of common-control groups is a horizontally
mirrored version of the one shown on the right-hand side of Fig. 8. For each common-control group, aggregate power was measured and divided bgfthe numbe
operative VCSELSs.

0to 4.96 mA with IB kept at 0 mA. For VCSEL current betweerare subject to the same experimental uncertainty described
0 and 2.5 mA, the averagg g was 1.605 and 1.571 mA, andearlier, suggest that neighboring VCSELs tend to have much
the average was 0.184 and 0.190 W/A for the IB/64 and IM/32greater parametric uniformity as compared with those in
curves, respectively. disparate parts of the array. For the different common-control
Comparing these results to Table |, we find that the expdransmitter groups within a digital-functional channel, variation
imentally measuredry is slightly larger than the specifiedin the average VCSEL output power ranged frah®.7%
value of 1.40 mA, whereas is significantly smaller than the (ffChananddgChar) to +11.7% (ecChan. Across the entire
0.340-W/A specification. An increasingly elevated VCSEL opYCSEL array, variation in the average VCSEL output power
erating temperature as the bias and modulation currents arewas+51.1%. A likely reason for the large array-scale variation
creased is one factor in the discrepancy because there wassniie variation in temperature across the chip caused by the
means available to stabilize the temperature of the chip. Baskfferent amounts of power dissipated by each functional
on the threshold current temperature coefficient from Tabledhannel, which could exaggerate the temperature-induced
the elevatedry obtained experimentally corresponds to an el@lisparity in VCSEL properties from one transmitter circuit
vated temperature of approximately 12@, assuming no other group to another. The packaging limitations of the validation
factors contributed to the increase. Using a similar analysis wifCB was another reason, as only the outermost row of power
the slope efficiency temperature coefficient, the redugedr- pads for the transmitter array were wirebonded to, resulting in
responds to an elevated temperature of approximatelyC/0 unwanted IR voltage drops on the power supply and ground
assuming no other factors contributed to the decrease. Cleardyis.
temperature was not the sole factor that resulted in an elevatedn experiment involving a common-control transmitter
Ity and a reduceg. Experimental uncertainty in performinggroup (the same for which the data in Fig. 18 is plotted) on
the measurements is also a factor. Any presendg-gfandn one validation board and a common-control receiver group
variations for individual VCSELs within the common-controlbon another validation board (in thecChan was performed
transmitter group were subject to averaging effects that coulr investigate the receiver switching characteristics under dc
distort the results. Additionally, imperfect current mirroring irconditions. The two common-control groups were imaged onto
the MCCB and BCCB could result in either a larger or smallerach other using 4f bulk-lens optical system. TheV;, and
IB or IM current flowing in the VCSELSs than the intended setrV;, inputs for the common-control receiver group were set
tings. It is also possible that the VCSEL properties were d&s complementary states, injecting approximately ;68 of
graded as a result of the heterogeneous integration process.current into one input of each receiver, forcing all receivers to
The VCSEL output power in each common-control trang Logic 0O state. Light from the common-control transmitter
mitter group was obtained with their IB magnitude setting giroup was incident onto corresponding PDs such that the
2.0 mA. Fig. 19 shows the results of this measurement, withsultant photocurrent was injected into the other input of each
the X- andY -axes corresponding to a spatial arrangement mceiver, attempting to force them to the Logic 1 state. The
common-control groups. This spatial arrangement is a horizdB- magnitude of the common-control transmitter group was
tally mirrored version of the one shown on the right-hand sidespt at 0 mA, and the IM magnitude was swept through all
of Fig. 2. The average VCSEL output power was obtained Ippssible states between 0 and 4.96 mA. For each IM setting,
dividing the total measured power by the number of operatitiee average transmitted optical power per VCSEL, estimated
VCSELSs for each common-control group. These results, whickceived optical power per receiver, and the percentage of

Authorized licensed use limited to: McGill University. Downloaded on February 23,2010 at 11:31:07 EST from IEEE Xplore. Restrictions apply.



VENDITTI et al. DESIGN AND TEST OF AN OPTOELECTRONIC-VLSI CHIP WITH RECEIVER-TRANSMITTER ARRAYS

375
100 7 —
g
= w0 /
— |
& 1
= 1 /
£ 60 7
=z ]
P /)
e 40
543 Ve
g ]
E /
2 20 1 v
- (b) (d)
260 276 292 308 324 340 356 372 388 Fig.22. Transmitter eye diagrams at data rates of (a) 250, (b) 300, (c) 600, and
Estimated Received Power (pW) (d) 900 Mb/s. Vertical scales are 10 mV/div.

Fig. 20. Receiver switching experiment. All receivers in a common-control
group forced to Logic O state and illuminated by light from transmitters in a
common-control transmitter group from another chip to force them to the Logic

1 state. The percentage of switched receivers is plotted versus estimated received
power.
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Fig. 23. Receiver eye diagrams obtained by probing the electrical output bus

at data rates of (a) 10, (b) 25, (c) 100, and (d) 250 Mb/s. Vertical scales are
10 mV/div.

Fig. 24. Optical—electrical-optical eye diagrams of a receiver-transmitter link

at data rates of (a) 50, (b) 100, (c) 150, and (d) 250 Mb/s. Vertical scales are
5 mV/div.

misalignment and aberrations, and nonuniformityiiracross
the common-control receiver group. Fig. 20 indicates that, if
Fig. 21. Transmitter eye diagrams at 250 Mb/s. Veertical scales are 10 mV/dprovided with enough optical power (approximately 360),
Eye diagrams along a row correspond to complementary transmitter outputs, o<t receivers could be made to switch notwithstanding these
detrimental effects.
receivers in the common-control group that switched to the The operational performance of the receiver and transmitter
Logic 1 state were recorded. Fig. 20 shows the results of tluiscuits was characterized at various data rates and operating
analysis. All but two receivers in the common-control grouponditions. The transmitter circuits in tdgCharwere tested at
could eventually be made to switch in this experiment, one bigh speed by configuring the channel to gene2afe- 1 PRBS
which was verified to be in a permanent stuck-at-zero stadata and using a high-speed clock signal brought onto the chip
using thenV;; and nV;, test inputs. It should be noted thatvia the high-speed connector on the validation PCB. The optical
this experiment lumps together numerous effects that cowdtput patterns from individual VCSELSs were spatially filtered
detrimentally affect the percentage of switched receivers, susid captured by an external detector, and eye diagrams were
as nonuniform transmitted optical power, power throughpgenerated on a communication signal analyzer (CSA). Fig. 21
variations in the imaging system across the field of view due thows eye diagrams from various transmitters at a data rate of
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Fig. 25. Calculated relative BER for several single-ended transmitter outputs within a common-control growjyGttasat 250 Mb/s. The spatial arrangement
of columns matches the physical location of the corresponding transmitters and the gridlines demarcate individual transmitters in the caoirgmupont

250 Mb/s. Eye diagrams along a row correspond to the complgg. 22 that the performance of the receiver is the limitation in
mentary outputs of the same transmitter and exhibit varying d&e receiver-transmitter link, likely due to the long on-chip in-
grees of similarity from one transmitter to another. Fig. 22 showsrconnect that the receiver must drive at its output.
the eye diagrams from one output of a transmitter at data rates oft was not possible to use conventional BER testing equip-
250, 300, 600, and 900 Mb/s. Despite the long on-chip intercoment to obtain BER data from any of the ODLs due mainly to the
nect between the digital section of the chip and the transmitgaickaging limitations of the validation PCB and the data format
array, it is clear that the transmitters perform well at data ratesgquirements (rail-to-rail CMOS signals) of the chip 1/O pads.
well above their target 250-Mb/s data rate. Additionally, the error counter of a BER test setup could not be
The receiver circuits in thiéChanwere tested by configuring used in conjunction with thdgChar—despite it2'¢ — 1 run-
the channel to operate in tileop mode and using single-endedength PRBS data generation capability—because synchroniza-
PRBS optical data from an external laser source. The cort®n to the PRBS data could not be achieved. Consequently, BER
sponding bit on the electrical output bus was accessed via miccould only be estimated theoretically through manual calcula-
probing, and eye diagrams were generated on the CSA. Fig.t@# [49] based on the experimentally obtained eye diagrams.
shows eye diagrams from selected receivers at data ratedHofvever, BER results obtained in this manner are highly sub-
10, 25, 100, and 250 Mb/s. There is a significant amount fEctive and suspect in terms of absolute accuracy. Additionally,
switching noise present, as well as voltage overshoot and undarthe case of the transmitters, they are not representative of ac-
shoot that has been intentionally cropped to show the full eyésal BER performance because only eye diagrams for single-
A likely cause of the switching noise and voltage overshoot aetided transmitter outputs were available for analysis. To mea-
undershoot is that there were an insufficient number of digitalire the true BER performance of the transmitter would have re-
I/O power pad connections made to the chip from the validatiquired analysis to be performed on the differential output, which
PCB. Only two such connections were made for the entire elemuld not be obtained experimentally. Nevertheless, such BER
trical I/O bus. data provides meaningful insight into the statistical and rela-
A similar setup was used to test the combined optical—eleose behavior of individual ODLs within the receiver and trans-
trical-optical performance of the receiver and transmitter cimitter arrays. Fig. 25 shows the calculated relative BER for sev-
cuits by operating th#Chanin feed-throughmode. The optical eral single-ended transmitter outputs within a common-control
input to the receiver was converted to an electrical signal agtbup of thedgChanat a data rate of 250 Mb/s. The data is nor-
passed through the digital section of the chip directly to the canalized such that the BER of the worst-performing transmitter
responding transmitter in the transmitter array, which retransdtput is equal to one. The spatial arrangement of columns in
mitted the data optically. The optical output from the transmittétig. 25 matches the physical location of the corresponding trans-
was spatially filtered and captured by an external detector, amitters in the common-control group. The gridlines demarcate
the CSA was again used to generate eye diagrams. Fig. 24 shimgig/zidual transmitters within the common-control group. The
eye diagrams at data rates of 50, 100, 150, and 250 Mb/s. Thkative BERs are all within two orders of magnitude of one an-
quality of the eye diagrams in Figs. 23 and 24 both degradeadher.
data rates approaching the target 250-Mb/s data rate. The results
of Fig. 24 clearly indicate that the performance of the electrical
output pads is the limitation for the results of Fig. 23 and is
the source of the switching noise and voltage overshoot and unWe have presented the architecture, circuit design, design ver-
dershoot. Also, it is clear based on the transmitter results frafication, and experimental testing of an OE-VLSI chip with a

VII. SUMMARY AND DISCUSSION
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540-element receiver and transmitter array that employs differ{8] A. V. Krishnamoorthy, L. M. F. Chirovsky, W. S. Hobson, R. E.

ential optical signaling and a fully differential electrical archi-
tecture. Multiple digital functions suitable for OE-VLSI tech-
nology were implemented, and the receiver, transmitter, and dig-
ital circuits were designed for robustness, testability, and ease of
operability. The receiver and transmitter circuits were designed[9
to specifically meet the performance requirements of the digital
circuitry and the electrical interface.

The experimental results presented on the electrical and o;[Jl—O]
tical performance of the chip verify the full functionality of the
chip design and indicate that the receivers and the digital cir-
cuitry were operational close to their target data rates, and that
the transmitters exceed their performance target.

When integrated into the chip-to-chip demonstrator[11]
system, the system will be capable of an aggregate interchip
data bandwidth of [2 chips}[2 arrays/chip}x [3 x 128
(ffChan dgChan ftChan + 72 (ecChan channels/arrayjx
[250 Mb/s/channellr 456 Gb/s. Neglecting the performance
of the digital circuitry, the aggregate data bandwidth that caht?
be achieved by the ASIC is limited by the receiver design con-
straints. The 125%:m pitch in the 34x 35 OED arrays places a
severe burden on the receiver, which consequently must drive
long electrical interconnects out of the receiver array. Increased
aggregate data bandwidths could be readily achieved if the
OED pitch were, for example, halved to 62:. One approach [13]
would leave the receiver and transmitter designs unchanged
(both the receiver and transmitter circuit layouts could fit
without modification into the smaller area) and increase the
size of the receiver and transmitter arrays four-fold. Anothet*
approach would be to redesign the line driver stage of the
receiver, which would have an interconnect to drive that is only

half as long, for higher performance. [15]
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