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Abstract. The design of a biwavelength transceiver (TRx)
module for parallel simultaneous bidirectional optical intercon-
nects is described. The TRx module has been implemented
using two different wavelengths, 850 and 1060 nm, to send
and receive signals simultaneously through a common optical
interface while optimizing cost and performance. Filtering mir-
rors are formed in the optical fibers which are embedded on a
V-grooved silicon substrate for reflecting and filtering optical
signals from/to vertical-cavity surface-emitting laser (VCSEL)/
photodiode (PD). The VCSEL and PD are flip-chip bonded on
individual silicon optical benches, which are attached on the
silicon substrate for optical signal coupling from the VCSEL to
fiber and from fiber to the PD. A high-speed and low-loss
ceramic printed circuit board, which has a compact size of
0.033 cc, has been designed to carry transmitter and receiver
chips for easy packaging of the TRx module. Applied for quad
small form-factor pluggable applications at 40-Gbps opera-
tion, the four-channel biwavelength TRx module showed
clear eye diagrams with a bit error rate (BER) of 10−12 at
input powers of −5 and −5.8 dBm for 1060 and 850 nm oper-
ation modes, respectively. © 2013 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.52.12.120502]

Subject terms: compact size; transceiver module; simultaneous bidi-
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1 Introduction
In the last decade, many efforts toward making high-density,
high-speed (≥10 Gbps) parallel optical modules have been
reported. In Ref. 1, a 12-channel optical transceiver (TRx)
module based on 850-nm vertical-cavity surface-emitting
laser (VCSEL) and GaAs photodiode (PD) arrays working
well at 10 Gbps with high-power consumption of 25 mW∕
Gbps was reported. In order to reduce the power consump-
tion at 10 Gbps, transmitter (TX) and receiver (RX) modules
utilizing 1060-nm InGaAs PD and highly efficient InGaAs
quantum-well VCSEL arrays, of which the bias current is
suppressed, were reported in Ref. 2. However, all these opti-
cal modules use one wavelength for signal transmission, thus
limiting their integration capabilities for denser, more com-
pact, and more robust optical interconnect applications. In
order to address these limitations, simultaneous bidirectional

optical links have been implemented using a common optical
fiber for sending and receiving signals.3,4 However, in these
works, the structures utilize either specialized TRx chips as
in Ref. 3 or wavelength division multiplexing (WDM) filters
as in Ref. 4, which require complex design structures and
careful design rules. Thus, in this letter, a simple biwave-
length, TRx module using silicon optical bench (SiOB) with
embedded fibers, where each of the fiber channels is used for
simultaneous bidirectional signaling, is proposed. The biwa-
velength parallel optical TRx module has been designed for
quad small form-factor pluggable (QSFP) applications, and
at 10 Gbps/ch, it showed good performance.

2 Biwavelength TRx Module Design and Its
Application for QSFP

Figures 1(a) and 1(b) show the cross-section of the proposed
biwavelength TRx module and its QSFP application, respec-
tively. The TRx module consists of a TRx IC module,
VCSEL-SiOB, PD-SiOB, and a fiber array embedded in a
V-grooved silicon substrate for optical signaling from/to the
SiOBs. Square groves are formed on the SiOBs to mount the
VCSEL/PD chips by flip-chip bonding, and optical vias are
also made in the SiOBs to couple optical signals from
VCSEL to fiber and from fiber to PD. The TRx IC module
comprises TX and RX chips which are die-bonded and wire-
bonded to a TRx IC board. For vertical light coupling from
VCSEL to fiber and from fiber to PD, two 45-deg mirrors
(M1 and M2) are formed in a polished fiber array. M1, for
coupling optical signals from the VCSEL to fiber, is formed
by depositing wavelength-filtering layers on one of the pol-
ished surfaces andM2, for coupling optical signals from fiber
to PD, is formed at the end of the fiber by mechanical polish-
ing. This coupling structure is totally different from several
previous works,3,4 where SiOB was also used to couple opti-
cal TX and RX with a fiber but surface mirrors are formed on
the facet of SiOB as in Ref. 3 or in Ref. 4, where WDM
filters are used for deflecting beams from/to surface-emit-
ting/receiving chip. The VCSEL-SiOB and PD-SiOB used
in this work are attached on the fiber-embedded V-grooved

Fig. 1 (a) Cross-section illustration of the biwavelength optical trans-
ceiver (TRx) module, (b) photograph of its quad small form-factor
pluggable (QSFP) application, (c) top/bottom view of TRx IC board,
and (d) its cross-section.0091-3286/2013/$25.00 © 2013 SPIE

Optical Engineering 120502-1 December 2013/Vol. 52(12)

OE Letters

Downloaded From: http://opticalengineering.spiedigitallibrary.org/ on 09/12/2014 Terms of Use: http://spiedl.org/terms

http://dx.doi.org/10.1117/1.OE.52.12.120502
http://dx.doi.org/10.1117/1.OE.52.12.120502
http://dx.doi.org/10.1117/1.OE.52.12.120502
http://dx.doi.org/10.1117/1.OE.52.12.120502
http://dx.doi.org/10.1117/1.OE.52.12.120502
http://dx.doi.org/10.1117/1.OE.52.12.120502


silicon substrate. Bonding wires are used to connect VCSEL
with TX chip and PD with RX chip to complete the TRx
module. For simultaneous bidirectional signaling in a single-
multimode optical fiber, two different wavelengths, λ1 and
λ2, are implemented for sending and receiving optical sig-
nals. To reduce possible crosstalk between two wavelengths,
widely separated wavelengths of 850 and 1060 nm were uti-
lized for λ1 and λ2, respectively.

The QSFP board was designed for easy packaging of the
TRx module and for reliable signal transmission. The TRx
IC module is solder bonded to the QSFP board for necessary
electrical connections to make QSFP module, as shown in
Fig. 1(b). The size of the TRx IC board should be small for
packing on the QSFP board. Figure 1(c) shows the top and
bottom photograph of the TRx IC board, and Fig. 1(d) shows
the cross-section of the fabricated ceramic two-layer back-to-
back TRx IC board with ground plane in-between using dif-
ferential signal line structure on top and bottom surfaces. The
vias on the chip pads are used for effective thermal dissipa-
tion.5 The PCB occupies a small area of 0.6 × 1.1×
0.05 cm3 making it easy for packaging on the QSFP board
applications. In order to achieve a reliable data transmission
at high data rate for the whole system, much attention was
paid in the electrical design of the signal lines in the TRx IC
board as well as in the QSFP board to reduce reflections due
to electrical impedance mismatch and extensive loss due to
ohmic and dielectric material properties. The PCBs were
designed based on line calculations and full-wave three-
dimensional electromagnetic field simulations. For high den-
sity, compact size but high-speed PCB, the ceramic-filled
hydrocarbon with woven glass, which has good electrical
performance, ease of fabrication, high thermal conductivity,
good thermal coefficient expansion, and high glass transition
temperature (Tg), is used to fabricate the PCBs.6 In order to
keep the compactness of the TRx IC board, a multilayer PCB
structure with top and bottom differential signal line is
designed and fabricated. To reduce the crosstalk and inter-
ference between channels or components on board, ground
planes between the two signal layers are deployed. The
boards were carefully designed while considering the discon-
tinuities at the electrical interfaces (between bonding-wires
and strip lines and between TRx IC board and QSFP board)
to minimize signal loss and reflections. Figures 2(a)–2(c)
show the full-wave simulations of the signal lines on the
TRx IC board. The results show that the designed PCB

has good performance up to 20 GHz with interchannel cross-
talk of less than −25 dB and low return loss of less than
−20 dB. Figures 2(d)–2(f) are the simulations of the signal
lines of the QSFP board. The frequency responses of the
QSFP board shows a good performance up to 15 GHz with
interchannel crosstalk of about −25 dB, which is slightly
degraded due to longer signal lines when compared to the
TRx IC board.

3 Experimental Results and Discussion
Two QSFP modules (Q1 and Q2) are used to evaluate the
performance and applicability of the proposed four-channel
biwavelength TRx module for simultaneous bidirectional
optical interconnect applications. For measurement purposes,
two evaluation boards are designed to connect QSFP mod-
ules with measurement instruments. For up-link transmission
(Q1-to-Q2), electrical signal in Q1 is amplified and converted
to current signal by TX chip to drive the VCSEL. Optical
signal, λ1, emitted from the VCSEL is reflected by mirror,
M1, to the fiber for transmitting to the Q2 module. In Q2

module, the received signal is reflected by mirror, M2,
and sent to the PD. The PD converts optical signal to elec-
trical signal, which is amplified by the RX chip in Q2. For
down-link transmission (Q2-to-Q1), signal λ2, which is
emitted from the VCSEL in Q2, is reflected by M1 in Q2

to optical fiber for transmitting to Q1 module. In Q1 module,
the receiver signal passes mirror M1 and then is reflected by
M2 to the PD.

To implement a high-quality biwavelength TRx module,
the thermal sensitivities of the related element devices espe-
cially the VCSELs were investigated and tested. The meas-
urement results showed that both 850- and 1060-nm
VCSELs gave stable output power with less than 10%
change over the bias current change of 0.8 mA and the wave-
length drifting within 0.06 nm∕°C in a temperature range of
0°C to 70°C. Under the full-temperature range, the interwa-
velength crosstalk showed less than −50 dB.

The 3-dB bandwidth of the end-to-end QSFP optical link
was measured to be 6.5 and 7 GHz for 1060- and 850-nm
modes, respectively, as shown in Fig. 3.

Dynamic responses and sensitivity of the end-to-end
QSFP link were measured with a 231 − 1 pseudorandom
binary sequence input signal. Figure 4 shows the BER and
10 Gbps eye diagrams of a typical channel of 850- and 1060-
nm transmission modes. At 10 Gbps∕ch, the link showed

Fig. 2 Full-wave simulations showing insertion loss, interchannel crosstalk, and return loss of the (a, b, and c) TRx IC board and (d, e, and f) QSFP
board, respectively.
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clear eye openings with peak-to-peak voltage of 200 mV, and
this signal level is suitable for QSFP signal processing. The
peak-to-peak jitter of 23 and 28 ps, the rise time of 33 and
39 ps, and fall time of 34 and 35 ps at 10 Gbps∕ch is
observed for the 850- and the 1060-nm modes, respectively.
At 10 Gbps∕ch, the 850- and 1060-nm operation modes
give a BER of 10−12 at input powers of −5.8 and −5 dBm,
respectively.

The above measurement results show that our biwave-
length TRx module works well for QSFP applications at
40 Gbps. From Figs. 3 and 4, the 850-nm operation mode
gives slightly better performance than the 1060-nm operation
mode. The reason might be impedance mismatch between
the TX/RX chips and the VCSEL and PD which can be
improved if carefully taken care of the impedance matching
between TX/RX chips and optical devices when designing
the chips. The reason also might be the larger divergence

angle of 1060-nm VCSEL (33 deg) compared to that of
850-nm VCSEL (19 deg) resulting in higher coupling loss
from VCSEL to fiber at 1060 nm than at 850 nm. The aper-
ture sizes of the PDs are 60 and 50 μm for wavelengths of
850 and 1060 nm, respectively, while the diameters of the
holes and fiber core are 70 and 50 μm, thus making
1060-nm PD prone to higher coupling loss compared to
850-nm PD.

4 Conclusions
In this letter, a four-channel biwavelength optical TRx mod-
ule has been designed and fabricated using 850- and 1060-
nm VCSEL and PD arrays for reliable signal transmission
and low optical crosstalk at 10 Gbps∕ch. In-fiber embedded
45-deg mirrors were formed for vertical coupling of optical
signal from/to optical components/fiber. A ceramic PCB
with compact size of 0.033 cc for TRx IC packaging and a
QSFP board for TRx module packaging operating at high
speed with low loss and low crosstalk were fabricated. An
aggregate 40 Gbps from the four channels was achieved
with clear eye openings and good signal level. Error-free
transmissions of 10−12 for both 850- and 1060-nm modes
are achieved at 10 Gbps∕ch at input powers of −5 and
−5.8 dBm, respectively.
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