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Considerable progress has been made in integrating multi-Gb/s
functions into silicon chips for data- and telecommunication
applications. This paper reviews the key requirements for
implementing such functions in monolithic form and
describes their implementation in the IBM SiGe BiCMOS
technology. Aspects focused on are the integration of
10 –13-Gb/s serializer/deserializer chips with subpicosecond
jitter performance, the realization of 40 –56-Gb/s
multiplexer/demultiplexer functions and clock-and-data-
recovery/clock-multiplier units, and, finally, the implementation
of some analog front-end building blocks such as limiting
amplifiers and electro-absorption modulator drivers.
Highlighted in this paper are the key challenges in mixed-signal
and analog integrated circuit design at such ultrahigh data
rates, and the solutions which leverage high-speed and
microwave design and broadband SiGe technologies.

1. Introduction
The continuing demand for new communication services
and higher user-end bandwidth has necessitated the
development of Ethernet [1], Fibre Channel [2], and
Synchronous Optical NETwork (SONET) [3] standards
for transmission at data rates of �10 Gb/s, backed by the
development of hardware capable of supporting such data
rates. For example, the 10-Gb/s Ethernet standards activity
which targets the broadband local area network (LAN)
and wide area network (WAN) applications was completed
before the end of 2002. For telecommunication
applications, a well-established standard for 10-Gb/s serial
links has also been defined by SONET OC-192 [3], which
calls for a line rate of �9.95 Gb/s. Telecommunication
equipment for higher-data-rate standards [such as SONET
OC-768 [3] at 40 Gb/s and its variants with forward-error
correction (FEC) at 43–50 Gb/s] for high-capacity long-
haul applications is currently being commercialized.

As these very-high-data-rate communication markets
continue to mature, they generate a pressing need for

higher levels of integration to bring down the cost and
power dissipation. However, this must be achieved while
still complying with stringent serial link requirements such
as minimizing jitter and bit-error rate (BER). In order to
put some of these requirements into perspective, consider
an example based on a realistic serial link jitter budget: A
clock generator at the transmitter of a 10-Gb/s link must
typically have less than 10% peak-to-peak jitter in order to
enable a total link BER better than 10�12. Assuming that
the equivalent noise source is white, one can show that
this peak-to-peak requirement translates to a sub-0.7-ps
rms jitter generation specification, indicating a key
challenge for circuit designers— how to design high-
performance clocking circuits while keeping power
dissipation low. In addition, one must still aim at high
levels of integration, which may include all of the
analog and digital functions related to serialization,
deserialization, coding, framing, and built-in self-test
(BIST). It is well known that whenever analog and digital
circuits are used on the same chip, deleterious crosstalk
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and substrate coupling may occur, especially at these
speeds. These considerations clearly show that circuit
designers targeting such ultra-broadband applications will
need all the help they can get from process technology
developers. Among the more mature silicon-based
technologies with high yields, the SiGe BiCMOS
integrated circuit (IC) technology fulfills this need by
providing high integration capability as well as high
performance levels [4]. The remainder of this paper
focuses on the IC design work done at the IBM
Thomas J. Watson Research Center for 10 –13-Gb/s
and 40 –50-Gb/s serial links using two generations of
the IBM SiGe BiCMOS integrated circuit technology.

Compared to III–V integrated circuit technologies
such as that based on the use of InP [5], the SiGe
BiCMOS IC technology is viewed as a good candidate for
implementing the relatively complex digital functions
involved in clock and data recovery, serialization, and
deserialization at data rates to 40 Gb/s and beyond.
It is appropriate for these applications because it
offers high-performance devices while enabling
high levels of integration density. For ultrahigh-
speed analog front-end circuits such as wideband and
high-voltage amplifiers and electro-absorption modulator
drivers, InP implementations have produced the strongest
results in the industry to date. Even for these circuits,
however, SiGe implementation performance, as described
in this paper, is reaching a level at which key application
requirements are clearly attainable. This is likely to drive
a shift to SiGe for these designs, just as is currently
occurring for the high-speed clock and data recovery,
serialization, and deserialization functions in the 40-Gb/s
arena.

The paper is organized as follows. A brief review of
the IBM 0.5-�m SiGe BiCMOS 5HP and 0.18-�m SiGe
BiCMOS 7HP integrated circuit technologies (hereafter

designated simply as BiCMOS 5HP and BiCMOS 7HP,
respectively) is given in Section 2. BiCMOS 5HP is
the most mature IBM SiGe generation and has been
used extensively in our 10 –13-Gb/s serializer/deserializer
(SerDes) work, as described in Section 3. The design and
hardware characterization details of all of the SerDes
building blocks, such as the voltage-controlled oscillators
(VCOs), transmit and receive phase-locked loops (PLLs),
and multiplexer/demultiplexer, as well as the fully
integrated 10.3125- and 12.5-Gb/s versions of the SerDes
chip, are discussed in that section. More demanding
bandwidth and jitter requirements of OC-768 applications
require the use of BiCMOS 7HP, as described in Sections
4 and 5. SerDes building blocks operating at 40 –56 Gb/s
with half-rate 20 –28-GHz clocks are reviewed in detail in
Section 4. Some of the challenges of packaging and testing
at these speeds are also discussed. Section 5 contains an
overview of two analog front-end functions and their
implementation for SONET OC-768 in BiCMOS 7HP,
namely the limiting amplifier and the electro-absorption
modulator (EAM) driver. The hardware results from the
EAM driver work show that SiGe heterojunction bipolar
transistors (HBTs) can address high-voltage drive
applications, in contrast to what is commonly assumed.
The significance of accurate modeling of both active and
passive devices including interconnection wiring is also
highlighted in that section. Finally, a summary of the
current status and potential directions for the future
are presented in Section 6.

2. Technology
The circuits described in this paper are implemented using
two generations (BiCMOS 5HP and BiCMOS 7HP) of
the IBM family of 200-mm silicon– germanium (SiGe)
technologies [6, 7]. Each technology generation provides a
full device suite for analog/rf design, including a trench-
isolated, highly planar SiGe heterojunction bipolar
transistor (HBT), n-MOS and p-MOS devices, polysilicon
and diffused resistors, high-density MOS and high-
quality-factor metal-insulator-metal (MIM) capacitors,
varactor diodes, and spiral inductors, all built on a
10 –20-�-cm substrate. Compatibility with the CMOS
ASIC library of the same generation (CMOS 5S and 7S,
respectively) makes it possible to achieve full mixed-signal
design and high levels of integration. Yield on all devices
comparable to that achieved in the equivalent CMOS
technology generation has been achieved.

Table 1 compares three SiGe generations. (BiCMOS
6HP [8], corresponding to the 0.25-�m column, is
provided for reference only and was not used for
designs described in this paper.) BiCMOS 5HP, the
first production-level SiGe BiCMOS process, is used
in applications from wireless communication integrated
circuits (ICs) to wired data communications to high-speed

Table 1 IBM SiGe HBT generations.

Parameter Units 0.5 �m 0.25 �m 0.18 �m

AE min �m2 0.39 0.3 0.15

RBI k�/� 9 9 9

� (0.72 V) 100 100 250

VA (VBE � 0.72 V) V 65 65 �120

BVCEO V 3.35 3.35 1.9

BVCBO V 10.5 10.5 6.5

rB ( AE � 1 �m2) � 124 114 60

NFmin dB 0.8 0.8 0.4

fT GHz 47 47 120

fmax GHz 65 65 100
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test equipment. This technology features an HBT with
cutoff and maximum oscillation frequencies ( fT and fmax)
of 47 and 65 GHz, respectively, with a minimum noise
figure of 0.8 dB. The 0.5-�m (0.35-�m Leff) CMOS devices
utilize a 7.8-nm-thick gate oxide for 3.3-V operation.
Three to five levels of aluminum interconnect are
selectable, with spiral inductors available on the upper
2-�m-thick metal layer, located 6 to 10 �m above the
substrate. The term BVCEO denotes the collector– emitter
breakdown voltage with the base open; the term BVCBO

denotes the collector– base breakdown voltage with the
emitter open; rB denotes the base resistance; and NFmin

denotes the minimum noise figure.
BiCMOS 7HP presents a new generation of HBT to

meet the challenges of high-speed wired communications
at 40 Gb/s (SONET OC-768) and beyond. Aggressive
vertical and lateral scaling yields an HBT with fT and fmax

of 120 GHz and 100 GHz, respectively, and a minimum
noise figure of 0.4 dB. The CMOS devices feature 0.18-�m
(0.11-�m Leff) gates and 3.5-nm-thick gate oxide for 1.8-V
operation, with thick oxide options for 2.5-V and 3.3-V
operation. For rf applications, BiCMOS 7HP adds an
accumulation-mode varactor (n-MOS in n-well) and
a TaN metal resistor. It also integrates the IBM copper
metallization process, reducing wiring resistance. The top
layer is 4-�m-thick aluminum, 8 to 13 �m above the
substrate, enabling the fabrication of high-Q inductors
(e.g., 21 at 5 GHz for a 0.7-nH inductor).

3. SerDes chip at 10 to 13 Gb/s

Introduction
In this section, we describe an integrated serializer/
deserializer (SerDes) chip implemented in SiGe
BiCMOS 5HP. We first present PLL details in the
form of early test chip hardware and results, followed by
full SerDes hardware and results. Among the key challenges
in such a design is building low-power, high-performance
integrated circuits that support very high data rates
while complying with stringent jitter specifications.

Figure 1 shows a typical block diagram of an optical
serial link and associated electronics. The objective of the
link is to serialize parallel data streams from one end of
the link for high-speed transmission over an optical fiber,
then deserialize them at the other end of the link. In the
first step for the link, the serializer block takes low-speed
parallel data and multiplexes it [via a multiplexer (MUX)]
onto a high-speed serial line. This serial data is then
provided to a laser diode driver (LDD), which, in
conjunction with a laser diode, performs an electrical-to-
optical conversion and sends the data over an optical
fiber. On the receiving end of the serial data stream, the
light is sensed by a photodetector, with the resulting signal
amplified by a transimpedance amplifier (TIA) and then a

postamplifier to provide sufficient signal amplitude for
the deserializer input. The deserializer includes a clock
and data recovery circuit (CDR), which recovers the
serial data and the clock embedded in that data, and
a demultiplexer (DMUX), which converts the serial data
stream to a final parallel output. The overall jitter budget
for the link is very tight, particularly at high data rates,
and much of this budget is typically claimed by the optical
and opto-electronic conversion pieces of the link.

Within the SerDes chip, the transmit PLL (TxPLL) and
receive PLL (RxPLL) are thus two critical circuits in the
link; they execute key functions and must operate within
a fraction of the overall link jitter budget. The TxPLL
circuit (or simply TxPLL) uses a local low-frequency clock
reference to synthesize a low-jitter, high-frequency clock
required in the multiplexer stages and determines the
random jitter present on the output serial data stream of
the serializer. The RxPLL circuit (or simply RxPLL) is
used to extract the clock signal from the received data
stream, which is corrupted by noise due to the physical
medium and to the optical and electronic components; it
must effectively undo all of the distortion introduced in
the data stream from its creation at the remote serializer
to its arrival at the RxPLL serial input. The clock it
extracts from the data stream is then used for data
retiming and demultiplexing.

Standalone PLL test-site designs and results
In this section, we describe the core design for the
transmit and receive PLLs used in the 10 –13-Gb/s SerDes
implementations described in this paper [9]. The PLLs
were first implemented in standalone test sites to enable
independent evaluation; results from these test sites are
described below. These standalone PLLs were used,
with slight modifications, in the full integrated SerDes
implementations described in the next section. Initial
designs were executed targeting 12.5-Gb/s data

Figure 1

Typical block diagram of an optical serial link. From [9], with 

permission; © 2000 IEEE.
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rates, intending to cover the 10-Gb Ethernet standard if
8-bit/10-bit (8b/10b) coding were chosen, as well as SONET
rates with significant forward error correction overhead.
When the 10-Gb Ethernet standards body chose a
64b/66b coding scheme, the target data rate was shifted to
10.3125 Gb/s. This new data rate was addressed primarily
in the fully integrated SerDes designs but did not engender
any significant architecture changes; the earlier test-site
designs generally targeted 12.5-Gb/s operation.

TxPLL circuit design
Figure 2 shows a block diagram of the TxPLL. The main
components of the loop, which uses a very standard
architecture, are the voltage-controlled oscillator (VCO),
the phase and frequency detector (PFD), the charge pump,
the low-pass filter, and the divider. The TxPLL input is a
low-frequency reference clock. The action of the TxPLL
creates an output clock at a frequency N times that of
the input, where N is the divide ratio of the divider. For
12.5-Gb/s data rates, a full-rate 12.5-GHz clock is generated.
In contrast to a TxPLL based on a half-rate scheme [10],

the full-rate approach implemented here enables a final
retiming of the multiplexed data stream, thus minimizing
duty cycle variation. Because a low-phase-noise LC VCO
is used in the TxPLL, the TxPLL bandwidth was chosen
to be relatively low, �300 kHz. This bandwidth choice
enables the loop to suppress more in-band noise, while
using a low-phase-noise VCO mitigates the effect of
passing more VCO-generated phase noise to the PLL
output. All circuits in the TxPLL are bipolar emitter-
coupled logic (ECL) circuits or current mode logic (CML)
circuits. Eliminating high-swing CMOS circuits from this
block helps reduce noise injection that can degrade circuit
performance.

Differential VCO
Figure 3 shows the simplified schematic of the differential
LC VCO used in both the TxPLL and the RxPLL. The
cross-coupled differential pair of bipolar transistors uses
positive feedback to form a negative-resistance cell that
restores energy lost by the oscillator in each cycle. The
on-chip spiral inductor connected to the collectors of
the differential pair devices resonates with the on-chip
varactor and parasitic capacitance at that node, setting
the base operating frequency of the oscillator. The value
of the varactor capacitance is tuned by changing the Vvar

voltage, thus tuning the VCO. A top-level-metal 0.34-nH
inductor with a quality factor of 11 at 12.5 GHz was used.
A pair of emitter-follower stages buffers the VCO output,
thus isolating the resonator from external perturbations.
The emitter-followers are connected to the core of the
VCO using a capacitive divider built using high-Q MIM
capacitors. This divider is necessary to step down the high-
amplitude signal generated in the tank (which helps
reduce VCO phase noise) for use in the ECL circuits
connected to the VCO. High-Q MIM capacitors are also
used for feedback and bypass capacitors. Local power-
supply and dc-node decoupling are achieved using on-chip
MOS capacitors.

Phase and frequency detector
A conventional phase and frequency detector (PFD)
circuit is used in the TxPLL. This PFD is built from two
synchronous-set, asynchronous-reset flip-flops and a NOR
gate. It acts linearly in response to phase errors and
provides a saturating output in response to frequency
errors. This fully differential circuit takes the reference
clock and the frequency-divided VCO output as inputs
and produces up and down pulses as needed to adjust
the VCO frequency and/or phase. The two PFD flip-flops
(RS-DFF) are synchronously set, one by the reference and
one by the divided VCO, and are asynchronously reset by
the NOR gate output. In the locked condition, narrow,
matched up and down pulses are generated. In order to
minimize static phase error, the NOR gate includes

Figure 2

TxPLL block diagram. From [9], with permission; © 2000 IEEE.
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dummy devices that allow the two flip-flops to drive
nominally identical loads. Because of the relatively low
operating speed of this circuit, bipolar CML is used
throughout.

Charge pump, gain stage, and low-pass filter
Figure 4 shows the schematic of the differential charge
pump. This circuit includes two differential pair switches,
each one connected to the up and down differential
outputs of the PFD. The charge pump current Icp flows
through both the capacitor C and the resistor RZ, forming
the transmission zero to stabilize the phase loop. A
negative resistor cell is used to compensate the current
leakage through the load resistors RL [11]. Therefore, the
loop filter acts ideally as a perfect integrator. Mismatch in
Vbe between the two transistors that form the negative
resistance as well as mismatch between resistors will cause
non-ideal cancellation of the filter leakage current,
meaning that the real charge pump will act as an
imperfect integrator. Because the charge-pump output
swing is limited to a relatively narrow range to keep
charge-pump transistors out of saturation, the low-pass
filter output is connected through a linear gain stage
to the varactor control input Vvar. This linear gain stage
extends the tuning range of the VCO when it is operating
within the loop by amplifying the charge pump output.
High-frequency poles are formed using C1, in parallel with
C and RZ, and another capacitor on the output of the gain
stage. These poles act to suppress PFD ripple.

TxPLL on-wafer measurement results
Figure 5 shows the results of four phase-noise
measurements and illustrates both TxPLL performance
and the effect of the reference clock choice on that
performance. The open-loop VCO phase noise is shown in
trace A, while the phase noise of a relatively noisy input
reference is shown in trace B. Trace C shows the phase
noise of the TxPLL output clock when the noisy input
reference is used; trace D shows the phase noise of the
TxPLL output when a low-noise reference is used. As
expected, when the noisy reference is used, inside the loop
bandwidth the clock phase noise (trace C) follows the
reference clock input phase noise multiplied by the divider
ratio, and outside the loop bandwidth follows the open-
loop VCO phase noise. This plot indicates that loop
bandwidth is approximately 300 kHz, consistent with
bandwidth prediction by linear PLL theory. In this case,
jitter generation is still relatively high and is dominated by
the input noise. When a low-noise source is used as the
reference, in-band noise is dominated by charge-pump
and other circuit element noise, not by input noise (see
trace D). The resulting TxPLL clock phase noise yields
jitter generation in a 10-kHz–100-MHz bandwidth of

0.4 ps rms. The measured power dissipation of the circuit
is 270 mW at 3.3 V (excluding the output test buffers).

The VCO oscillation frequency can be set between
11 GHz and 13 GHz by varying the tuning voltage
between 3.3 V and 0. This is a tuning range of more
than 16% around the center frequency. The VCO gain is
approximately 300 MHz/V when oscillating at 12.5 GHz.
The measured free-running VCO phase noise at 12.5 GHz
is �101 dBc/Hz at 1-MHz offset from the carrier (Figure 5,
trace A). This represents a phase-noise improvement
of �20 dB over a previously reported ring VCO design
[12]. Since the TxPLL bandwidth is relatively small, a low-
phase-noise VCO is mandatory to achieve low clock jitter
generation. The effect of the VCO phase noise is less
important in the RxPLL because of its much higher

Figure 5

Phase-noise plots: trace A, free-running VCO; trace B, reference; 

trace C, locked VCO, noisy reference; trace D, locked VCO, 

clean reference. From [9], with permission; © 2000 IEEE.
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bandwidth (�10 MHz). However, the LC VCO has four
times less gain than the previously reported ring VCO
and thus is less sensitive to the noise on its input frequency
control, which improves RxPLL performance.

RxPLL design
The RxPLL, shown schematically in Figure 6, uses a dual-
loop architecture. The first of these loops is responsible
for frequency acquisition, while the second executes data
recovery. A frequency-acquisition aid is required because
the pull-in range of a PLL in data-recovery mode is too
small to guarantee that the PLL will lock to the incoming
data stream independently of the initial frequency of the
RxPLL VCO. Furthermore, keeping the VCO frequency
close to the desired operating frequency will also prevent
false locking of the data loop. In operation, the frequency-
acquisition loop drives the RxPLL VCO frequency to a
multiple of a stable reference clock input, where the
reference clock frequency is set at 1/64th of the target
data rate. A lock detector automatically switches the
circuit to the data-recovery loop when the divided VCO
clock frequency and the reference clock agree to within
�0.1%. In this mode, the lock-in time of the data loop
is very short because the VCO frequency is already
very close to the incoming data rate. If lock is lost, the
lock detector automatically switches the circuit back to
frequency-acquisition mode. To reduce digital switching
noise coupling, the CMOS PFD is automatically turned off
by the lock detector while the loop is in data-acquisition
mode [12]. A bang-bang-type phase detector that also acts
as a decision circuit for data retiming is used in the data-
recovery loop [12]. A high-dc-gain active loop filter is used
to reduce the static phase error. The high-speed portion
of the circuit uses bipolar emitter-coupled logic (ECL).

Frequency-acquisition loop enabling automatic RxPLL data
acquisition
The frequency-acquisition loop and the data-acquisition
loop share many components, with the key extra circuits

required by the frequency loop being the phase and
frequency detector (PFD) and the divider. In this
implementation, a conventional CMOS three-state
PFD is used in the frequency-acquisition loop [13]; in
later designs, this was replaced with a bipolar PFD for
consistency with the TxPLL loop and to reduce CMOS
switching noise in the design. The up and down signals
from the PFD are fed via the selector to the charge
pump/loop filter as differential signals after a CMOS-
to-ECL conversion.

The CMOS lock detector used to switch the RxPLL
between frequency-acquisition mode and data-recovery
mode consists of two gray-counters, one driven by the
reference clock (refclk) and the other by “divclk,” the
VCO frequency divided by 64. The counters count
for a period of 2048 refclk cycles, or 4096 divclk cycles,
whichever is less. At the end of this interval, the counter
values are compared to determine whether the two
frequencies agree to within �0.1%. The counters are then
reset before the next counting interval begins. Under
ordinary conditions, 2048 refclk cycles are needed for
counting, 9 refclk cycles for comparing and resetting the
counters—a total of 2057 refclk cycles between each
measurement update. If the frequencies are within
tolerance, the lock detector immediately switches the
RxPLL to data-recovery mode. Conversely, if the
frequencies are out of tolerance for 1000 consecutive
measurement intervals, the RxPLL is toggled back to
frequency-acquisition mode. This bias toward data
recovery is designed to allow the circuit to tolerate low-
frequency, high-amplitude jitter on the data. In later, full-
SerDes implementations, this feature was eliminated, so
that single out-of-tolerance measurements switch the
RxPLL to frequency-acquisition mode.

RxPLL on-wafer measurement results
Measurements of the standalone RxPLL circuit were
made on-wafer using 12.5-Gb/s pseudorandom bit stream
(PRBS) input data. The data-acquisition loop pull-in
range is about �0.5%, which amply covers the �0.1%
tolerance of the lock detector. The jitter generation (in a
100-MHz bandwidth) of the recovered clock is 0.3 ps rms
when the RxPLL is locked to 27 � 1 PRBS input data
(relevant to 8b/10b coded data, which has a maximum
run length of 5 [14]). This jitter increases to 0.6 ps rms
when 231 � 1 PRBS input data is used. The dc power
consumption of the chip is 330 mW at 3.3 V excluding
output test buffers, with half of this power consumed in
its frequency-acquisition aid circuitry.

A 14-km-length single-mode optical fiber link test bench
was used to evaluate jitter tolerance of the RxPLL in a
real-world environment. Figure 7 shows the RxPLL single-
ended input and output data eye diagram and recovered
clock when receiving 231 � 1 PRBS data. The measured

Figure 6

RxPLL block diagram. From [9], with permission; © 2000 IEEE.
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input data jitter is �42 ps peak-to-peak. The measured
BER of the RxPLL under test is less than 10�12, with an
input sensitivity of 100 mV.

PLL physical design
One of the challenges of mixed analog/digital designs
such as the one presented in this section is to avoid the
coupling of digital switching noise into sensitive analog
nodes through the substrate and power-supply lines. In the
physical design of these PLLs, several measures have been
taken to reduce the digital noise coupling [15]:

● Since the high-speed part of the IC is fully differential,
it has been implemented in a symmetrical way with
respect to complementary signal paths.

● Local bias generators are used for each sensitive part
of the IC, e.g., VCO, phase detector.

● Separate power supplies and grounds for the analog part
and digital part within the two loops of the RxPLL are
used to avoid coupling. Special care is also taken to
reduce the parasitic inductance of supply lines and to
improve ground homogeneity.

● A ring of substrate contacts surrounds the VCO in both
PLLs and the CMOS logic present in the RxPLL. In

addition, this ring is surrounded by a ring of deep-
trench oxide.

The chip microphotographs for the standalone PLLs are
shown in Figure 8.

Single-chip SerDes design and results
In this section, we describe the design and evaluation
of single-chip SerDes chips operating from 10 Gb/s to
13 Gb/s [16]. An initial SerDes design targeted 12.5-Gb/s
operation, but later designs retuned the VCO to enable
10.3-Gb/s operation as required to meet the final
10-Gb Ethernet standard. Recent related work in this
area includes a SiGe BiCMOS/SOI full transceiver
implementation [17], a SiGe receiver/1:8 demultiplexer
chip [18], a CMOS clock and data recovery circuit [19],
and, more recently, CMOS serializers and deserializers
[20, 21].

The SerDes described here is a fully monolithic, single-
chip 16:1 serializer and 1:16 deserializer, including
integrated transmit and receive PLLs with on-chip
loop filters, featuring very good jitter and error-rate
performance and low power consumption in BiCMOS
5HP; significant power reduction could be realized by

Figure 7

Input and output waveforms of the RxPLL: (a) 12.5-Gb/s input 

eye diagram; (b) 12.5-Gb/s recovered eye diagram; (c) 12.5-GHz 

recovered clock. From [9], with permission; © 2000 IEEE.
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porting this design to BiCMOS 7HP. At startup, an
automatic trim operation sets the optimal center
frequency of the VCOs used in the chip’s two PLLs.
This is achieved using available wrap modes and
on-chip data checking.

Use is made of LC VCOs in the PLLs, one for the
TxPLL and one for the RxPLL; both operate over
multiple overlapping frequency bands. The chip
automatically selects the correct band setting for each
VCO at startup. Thus, trimming operations at test are not
required for the circuit to accommodate process, supply-
voltage, and temperature variations. An automatic phase-
selection mechanism enables input parallel data to be
correctly latched into the transceiver independently of the
relationship between the arrival time of that data and the
transceiver output clock edge that times the request for
parallel data. Leakage testing and scanning features are
built into the design to enhance testability. Serial and
parallel wrap modes coupled with circuitry that checks a
fixed pattern’s successful transit of the transceiver further
enable efficient on-wafer test using low-frequency test
equipment.

Transceiver architecture
Figure 9 shows a block diagram of the transceiver. In the
receive path, the input data stream is fed to the clock and
data recovery (CDR) PLL. The recovered data output is
then demultiplexed to 16 parallel recovered data streams
using the recovered clock. This output is sent to the off-
chip drivers and can also be wrapped to the transmit path
data input when the part is operated in a parallel wrap
test mode. A selectable full- or half-parallel-rate clock
accompanies the parallel output data. In the transmit
path, 16 parallel-input data streams are multiplexed to a
single serial-output data stream. A clock multiplier unit

(CMU) PLL uses an input reference clock to generate the
full-rate clock. This clock is required to create the clock
frequencies and phases needed to stagger and multiplex
the incoming data and also to execute the final full-rate
retiming of the serial output. Finally, the transmit section
outputs a full-parallel-rate clock to be used by another
chip in the system to time the data sourced to the
transceiver for serialization.

Test features as well as configuration and startup
circuitry are controlled by the CMOS block of the
transceiver. These features, implemented in a combination
of CMOS and bipolar logic, include wrap modes, self-test,
automatic VCO coarse tuning, leakage testability, and
general scan design testability. Three different reference
clock frequencies, the data rate divided by 16, 64, and 80,
were supported in the initial 12.5-Gb/s design. A divide-
by-66 mode replaced the divide-by-80 mode for the
10.3-Gb/s design.

Transmit and receive PLLs
As in the case of the standalone TxPLL, the transceiver
transmit PLL takes a selectable low-frequency reference
frequency and creates an output clock at the desired
serial line rates as well as divided clock frequencies used
in the multiplexer. By executing a final retiming of the
multiplexed data stream, duty-cycle variation in the output
is minimized. As in the case of the standalone RxPLL, the
receive PLL uses a dual-loop structure: a data-recovery
loop that recovers clock and data from the input data
stream and a frequency-acquisition loop that moves the
oscillation frequency of the Rx VCO inside the capture
range of the data-recovery loop. All elements of both
PLLs are implemented in bipolar emitter-coupled logic
(ECL) or current-mode logic (CML), with the exception of
lock to reference indicator circuits, which are implemented
in CMOS logic. The detailed structure of the transmit and
receive PLLs implemented here is closely related to those
described above (see Figures 2 and 4) and in [9] and [12].

Each PLL uses an LC VCO. Such VCOs typically suffer
from relatively narrow tuning ranges, making it difficult
for these VCOs to run at target operating frequencies
in the presence of process, supply-voltage, and/or
temperature variations. Furthermore, even if an LC
VCO with a broad tuning range were available, such
a VCO would have high gain, which is generally
undesirable because of noise sensitivity considerations,
particularly in the transmit PLL.

The VCOs (Figure 10) used in the transceiver
PLLs address these problems by operating in multiple
overlapping frequency bands, where the VCO gain
in any given band is modest. Band selection is digitally
controlled. At startup, with a valid reference clock applied
to the chip, the transceiver operates in a serial wrap

Figure 9

Transceiver block diagram. From [16], with permission; © 2001 
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mode, sending a known parallel data pattern from the
transmitter parallel input all the way to the receiver
parallel output, where the data pattern is checked.

Combinations of band settings for the transmit and
receive VCOs are automatically tried, and the transceiver
searches for an optimal combination. Each combination is
evaluated for a fixed number of reference clock cycles.
Its quality is assessed by checking whether both PLLs
successfully locked, whether the known data pattern was
successfully recovered, and whether the locked VCOs are
tuned near the middle of their tuning range. The output
of the calibration circuit is a set of trim bits that set the
coarse tuning of the Rx and Tx VCOs. As the automatic
selection progresses, the output trim bits are modified
each time a combination yielding a better assessment is
identified, until the automatic trim process is complete.
During operation, the 10.3-Gb/s implementation also
detects whether the VCO control voltage is approaching
a band edge and will automatically shift its coarse tuning
to the appropriate adjacent band, provided this update
feature is enabled. Automatic band selection and update
capability thus enables the use of a VCO with low
effective gain when operating within the main PLLs, yet
does not require extraordinary measures such as multiple
VCOs or fuses (which can be blown at wafer test) for the
transceiver to be robust against process, temperature, and
supply-voltage variations.

Multiplexer and demultiplexer
In both the 12.5-Gb/s and 10.3-Gb/s designs, the 16:1
multiplexer is composed of a recursive series of 2:1
multiplexer blocks. Similarly, the 1:16 demultiplexer is
composed of a recursive series of 1:2 demultiplexer blocks.
In both cases, data and clock paths are intertwined in the
macros.

The sampling of the parallel Tx data coming into the
transceiver presents a special timing problem. Since the
clocking of all elements in the Tx multiplexer macro is
derived from the Tx VCO, there is naturally a question
regarding how to synchronize the incoming data with
those clocks. Typically (as is the case in this transceiver), a
clock is fed forward from the transceiver to a framer chip
that is responsible for providing the parallel input data to
the transceiver transmit path. Since the total delay in this
loop, composed of driver delays, receiver delays, and card
delays, is typically not known and is likely to be significant
with respect to a baud interval, a mechanism is needed to
ensure proper sampling of the incoming parallel data by
the transceiver. In the initial transceiver design described
here, a source synchronous clock (half parallel rate) that
accompanies the parallel data is used as an input to a
phase-detection and -selection circuit; in the follow-on
designs, both half-rate and full-rate parallel clocks are
supported. In any case, the phase-selection and -detection

circuit then selects a desirable phase of the local clock
to sample the parallel input. In cases where automatic
phase selection is not appropriate, phase selection can
be explicitly set using CMOS control inputs. The phase-
selection mechanism can operate continuously while the
part is processing data to accommodate significant changes
in path delay during part operation, although errors will
be generated as the phase setting is updated. This
implementation is more compact and power-efficient
than the FIFO-based approach typically used to solve
this problem.

Test environment and results
Both the 12.5-Gb/s and 10.3-Gb/s transceivers were first
evaluated on-wafer using a standard chip tester connected
to a probe card plus cabling with typical I/O bandwidths
of 500 MHz. Such an environment does not allow
generic full-rate testing, but does permit a successful
demonstration of the full parallel interface, control
circuitry, and test features such as leakage and logic
scan. It also permitted the evaluation of the full range of
frequencies at which the transmit and receive PLLs locked.
Successful lock and optimal VCO trim settings were
automatically generated at VCO operating frequencies
from 11 GHz to 13 GHz in the 12.5-Gb/s design and
from 9.6 GHz to 11.5 GHz in the 10.3-Gb/s design.

Full-rate testing was accomplished using a surface
laminar circuit (SLC) carrier-packaged pair of transceiver
chips. SLC packaging supports finer linewidths than typical
board-level technologies. This characteristic makes it
possible for the transceiver chips, which have solder
bumps on their I/O pads, to be direct-flip-chip-attached to

Figure 10

Schematic of the LC VCO used in the PLLs. From [16], with 

permission; © 2001 IEEE.
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the SLC; a ceramic or other space-transforming carrier is
not required. This approach not only saves the cost of a
package, but also reduces the number of transitions
through which high-speed signals must pass, thus
improving high-speed signal integrity.

The test configuration most like the expected operating
mode of the transceiver is shown in Figure 11. In this
case, a 12.5-Gb pulse pattern generator (PPG) feeds a
231 � 1 PRBS data stream to the serial Rx input (RxS) of
the first transceiver (SerDes1). This data is demultiplexed,
passed over the parallel interface from the SerDes1
parallel output (RxP) to the SerDes2 parallel input (TxP),
multiplexed in SerDes2, and becomes output from the
SerDes2 serial output (TxS). That output is compared
with the SerDes1 input using a bit-error-rate tester (BERT2).
Simultaneously, a second 12.5-Gb PPG feeds a second
231 � 1 PRBS data stream at a data rate nominally
identical (but not synchronized) to the RxS input
of the second transceiver, SerDes2. Again, this data is
demultiplexed, passed over the parallel interface from the
SerDes2 RxP parallel output to the SerDes1 TxP parallel
input, multiplexed in SerDes1, and becomes output from the
SerDes1 TxS port. In this configuration, then, each transceiver
effectively acts as a framer for the other transceiver.
Furthermore, independently controllable data streams at
noncommensurate frequencies run in opposite directions
through both transceivers, enabling chip performance
under worst-case crosstalk conditions to be evaluated.
No performance degradation and no injection locking are
observed under these conditions, even when the operating
frequency of one data path is dragged through that of the
second. This test configuration was successfully exercised
for both the 12.5-Gb/s and 10.3-Gb/s versions of the
transceiver.

In the operating condition described above, the card
using 12.5-Gb/s transceivers performed error-free overnight
at data rates from 11 Gb/s to 11.9 Gb/s. At 12.5 Gb/s, error
rates below 5 � 10�14 were measured. The degradation
in error rate was due to a noise-coupling path that
was eliminated in the follow-on design, resulting in
error-free operation across the entire operating band of
the part. Both Tx and Rx jitter generation at 12.5 Gb/s
were below 0.5 ps rms, measured with a spectrum-analyzer
phase-noise utility with integration limits from 10 kHz to
100 MHz. The TxS output eye diagram at 11.1 Gb/s is
shown in Figure 12. The TxS output eye diagram at
10.3 Gb/s from the 10.3-Gb/s design is shown in Figure 13.
Supply-voltage variations of �5% about the nominal 3.3-V
level did not affect performance. In both the 12.5-Gb/s
and the 10.3-Gb/s designs, operation was also demonstrated
on-wafer at ambient temperatures ranging from 0 to 100�C.
Total power dissipation at nominal operating conditions

Figure 12

Sample serial output data eye diagram at 11.1 Gb/s. From [16], 

with permission; © 2001 IEEE.
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was 3.3 W, with significant reduction possible by porting
the design to a more advanced process.

Transceiver physical design
In high-speed circuits, significant attention must be paid
to physical design both to avoid speed degradation and
to minimize noise coupling [15]. In this transceiver
design, the target operating mode of the part, in which
transmit and receive paths operate simultaneously at
noncommensurate yet almost identical frequencies, poses
a particularly challenging problem with respect to noise
coupling. In addition, switching noise from CMOS logic
and digital drivers must not significantly degrade PLL
performance. Several key physical design strategies were
followed in the transceiver design reported here:

● The Rx and Tx VCOs were placed far apart, with a
ring of substrate contacts and deep-trench isolation
surrounding each VCO. The Rx and Tx PLLs were also
isolated from each other and from the rest of the circuit
with substrate contact regions and deep-trench rings.
The CMOS section was placed on the opposite side of
the chip from the PLLs.

● Three power-supply domains were maintained on-chip,
one for the PLLs, one for the multiplexer, demultiplexer,
and parallel I/O, and one for the CMOS section. Low-
inductance connections to power-supply pads were
implemented throughout.

● Substrate contacts outside the CMOS region were not
tied to the analog ground; these contacts nominally
carry no current.

● Separate bias generators were used for key blocks.

A micrograph of a 12.5-Gb/s-design transceiver chip is
shown in Figure 14. The design integrates approximately
8400 HBTs and 30 000 FETs.

4. SerDes circuits at 40 Gb/s

Introduction
A 40-Gb/s serial data communication link is similar to a
10-Gb/s communication link, but with everything running
four times faster. In the case of the 40-Gb/s link, the laser
diode driver used in a typical 10-Gb/s data link is replaced
by an electro-absorption modulator driver; for the 40-Gb/s
application, the laser is operated in a CW mode, and
an electro-absorption modulator is used to modulate
the effective power coupled to the fiber. A generic
40-Gb/s link is shown in Figure 15. Beyond serial data
communication links, the core multiplexing elements
of serializers and core demultiplexing elements of
deserializers are also necessities for test equipment, such
as pattern generators and error detectors, operating at
40-Gb/s data rates.

Two of the key elements of this link are the serializer
and deserializer. In this section, building blocks for
serializers and deserializers that support 40-Gb/s non-
return-to-zero (NRZ) serial data rates are described.
Section 5 provides some details regarding front-end
chips.

The main building blocks for the serializer and
deserializer are the multiplexer, the demultiplexer, the
clock multiplier unit PLL (CMU), and the clock and data
recovery PLL (CDR). The number of signals multiplexed
in the serializer and demultiplexed in the deserializer is
implementation-specific, but might typically be of the

Figure 14

Micrograph of transceiver chip. From [16], with permission; © 2001 
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order of 16. The most critical portions of these designs
are their highest-frequency sections, namely the 4:1
multiplexer stage and the 1:4 demultiplexer stage.
Implementing and demonstrating these core circuits
is thus an excellent first step in developing a working
40-Gb/s serializer and deserializer, as is demonstrating
the CMU and the CDR. In the remainder of this section,
we present details of the core circuits needed to build
serializers and deserializers that operate at 40-Gb/s data
rates, as implemented in SiGe BiCMOS 7HP.

4:1 multiplexer and 1:4 demultiplexer
There are several key challenges associated with the
design of the 4:1 multiplexer and 1:4 demultiplexer circuits
[22]. The first of these challenges is, of course, the high
data rate these circuits must handle. The base SONET
OC-768 data rate is just below 40 Gb/s. Once forward-
error-correction schemes are added, however, the line rate
exceeds 40 Gb/s, with the actual line rate depending on
the chosen scheme. Because the SiGe BiCMOS 7HP
technology does not support a 40-Gb/s full-rate latch
at moderate power with margin, the multiplexer,
demultiplexer, CDR, and CMU PLLs use a half-rate
architecture. The high operating speeds of the circuits
also present significant additional challenges in layout,
packaging, and test. In the following, we illustrate how

these challenges can be met through a description of 4:1
multiplexer and 1:4 demultiplexer designs that were
implemented in SiGe BiCMOS 7HP, tested on-wafer
to data rates above 50 Gb/s, packaged, and then
demonstrated as packaged parts to data rates above
50 Gb/s.

A block diagram of the 4:1 multiplexer circuit is shown
in Figure 16. The multiplexer was implemented using a
tree architecture in which the base elements of the tree
are a recursive series of 2:1 multiplexer stages. The logic
family chosen for this design is emitter-coupled logic,
which offers sufficient performance while enabling the use
of supply voltages in the �3.3-V range. Single-ended
internal signal swing levels were chosen to be 300 mV
throughout the design, providing adequate signal-to-
noise ratio without demanding a larger supply voltage.

The multiplexer IC takes four parallel single-ended data
streams at its input and a half-rate input clock, e.g., 20 GHz
for 40-Gb/s operation, to create the final multiplexed
output. The parallel data are received by single-ended-to-
differential-conversion buffers with on-chip 50-� matching
resistors. These buffers contain two differential pairs in
order to achieve a good common-mode rejection at the
input of the two first multiplexing stages. The input clock
is internally divided by two with a static divider (built with
a toggle flip-flop) in order to latch the four parallel data
inputs and perform the first multiplexing operation. The
clock input is received with a double-stage wide-bandwidth
Cherry–Hooper amplifier [24] in order to speed up clock
rise and fall edges, since sine-wave synthesizers are used
for testing at these frequencies. These amplifiers permit
the use of very-low-power-level input clocks. In each 2:1
multiplexer stage, proper data timing is achieved by using
latches. These latches act to offset the two input data
streams by 90� with respect to each other and must
operate with a clock-to-data-output time delay of less
than half the bit time of the output multiplexed data. The
current consumption of the multiplexer is 410 mA from a
nominal �3.6-V supply voltage; 37% of this current is
consumed in the input and output buffers.

The demultiplexer IC receives a full-rate differential
data stream and outputs four parallel single-ended
quarter-rate data streams. The demultiplexer circuit block
diagram is shown in Figure 17. Like the multiplexer, it
uses a tree architecture, here with a recursive series of 1:2
demultiplexer stages. It uses a half-rate input clock for the
first 1:2 demultiplexing stage. This clock is then divided
by 2 with a static divider in order to perform the last 1:2
demultiplexing operation. Each 1:2 demultiplexer stage
uses latches for demultiplexing and data alignment. The
serial input data and input clock are received with double-
stage wide-bandwidth Cherry–Hooper amplifiers with on-
chip 50-� matching resistors. A “bit-skip” dc signal is

Figure 16

Simplified block diagram of the 4:1 multiplexer circuit. From 

[23], with permission; © 2002 IEEE.
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XORed with the divided clock to allow bit-rotation control
at the parallel outputs of the demultiplexer. The chip
consumes 430 mA from a �3.6-V supply voltage, with
40% of this current consumed in the input and output
buffers.

At the high data rates intended for the multiplexer and
demultiplexer, attention to detail in the physical design is
crucial in order to maximize circuit performance. Layout
parasitics must be minimized, particularly on high-speed
lines. In order to preserve signal integrity, transmission
lines are used on long runs. Finally, in order to support
at-speed evaluation prior to packaging, the layout used
must be compatible with both wafer-level probing and
packaging.

The multiplexer and demultiplexer ICs were mounted in
a custom-designed package that enabled high-frequency
operation of the chips [23, 25]. The package included
a housing, a ceramic substrate, and the IC itself. The
aluminum/graphite composite housing provided support
for high-speed V-connectors, protected the ceramic and
chip, and served as a heat sink. The ceramic substrate
measured 1.75 in. by 1.95 in. On the ceramic, a finite-
ground-plane coplanar waveguide was used for signal lines
to limit the number of propagation modes and achieve
better isolation between signal traces. Ribbon bonds were
used for chip-level interconnection, and the bonding
lengths were minimized and well controlled to minimize
parasitic inductance. Feed-throughs with internal
decoupling capacitors were used for power and bias
supplies, and surface-mount capacitors were used on
selected power traces near the chip within the package to
further reduce supply noise. An assembled package and its
chip-level interconnections are shown in Figure 18. The
same package can be used for either multiplexer or
demultiplexer chips.

Testing the multiplexer requires that four quarter-rate
data streams and a commensurate half-rate clock be
provided to the circuit. In test, the data streams and clock
come from test equipment through cables to the part;
delay lines are used to match the arrival times of the data
and to position the clock appropriately for successful
multiplexing. When the clock and data frequency are
changed, some delay adjustment must generally be
repeated if cable lengths do not match. The output
signal is observed using a high-frequency oscilloscope,
and the quality of the output eye is evaluated. Testing
of the demultiplexer requires that full-rate data and a
commensurate half-rate clock be provided to the circuit.
Again, the data stream and the clock come from test
equipment through cables to the part, so that initial delay
adjustment between clock and data is necessary, as is
follow-on adjustment for significant input-frequency
changes. The four demultiplexed outputs can then be
observed using an oscilloscope, and the quality of the

resulting four output eyes evaluated. Once packaged parts
are available, testing of the multiplexer and demultiplexer
in tandem is possible by connecting either the parallel
ports or the serial ports of the devices. Error-rate testing
of the multiplexer and demultiplexer in isolation can also
be executed.

Both the multiplexer and demultiplexer circuits were
first tested on-wafer to check functionality. On-wafer, the
demultiplexer could not initially be evaluated at target
data rates because of test equipment limitations, but basic
operation was demonstrated up to 12.5 Gb/s. However, in
early testing we were able to demonstrate multiplexer

Figure 18

Assembled package and demultiplexer chip-level intercon-

nections. From [23], with permission; © 2002 IEEE.
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operation on-wafer up to 56 Gb/s at a supply voltage of
�3.3 V by feeding it 4 � 14-Gb/s 27 � 1 PRBS inputs. At
the time, 14 Gb/s constituted the maximum test equipment
speed available to us. In later testing, 60-Gb/s operation
of both the multiplexer and the demultiplexer was
demonstrated. The input amplitude was 500 mV
single-ended (the inputs are referenced to a dc level

of �250 mV). Once functionality was checked, both ICs were
packaged. This enabled us to perform bit-error-rate testing
on both circuits in order to confirm their functionality at
full speed. Figure 19 gives a qualitative comparison of the
multiplexer (MUX) performance at 40 Gb/s when tested
on-wafer and in packaged form. The IC was tested with
231 � 1 PRBS, �3.3-V supply voltage, and 100�C chip
temperature (during on-wafer testing). The modest
performance degradation observed in the packaged MUX
eye compared to the on-wafer MUX eye is probably due
to return loss at the serial output in the packaged part.

The final test for the packaged parts was evaluation in a
back-to-back configuration connected through their serial
interface. When testing in this configuration, shown in
Figure 20, error-free operation (	10�15) at 40 Gb/s was
achieved on all four parallel outputs of the demultiplexer
with 231 � 1 PRBS parallel inputs at the multiplexer. At
that speed, consistent error-free operation was observed
when varying the supply voltage from �3.3 V to �3.9 V.
The clock-phase margin of the demultiplexer (DMUX)
was approximately 11 ps, or 44% of a unit interval. Error-
free operation (	10�15) was also achieved at 50 Gb/s with
a supply voltage of �3.5 V and 27 � 1 PRBS data at the
MUX parallel inputs. At this data rate, the clock-phase
margin of the DMUX was reduced to 6 ps, or 31% of a
unit interval. Corresponding 50-Gb/s eye diagrams are
shown in Figure 21. Error-free operation up to 52.2 Gb/s
was also achieved under the same supply-voltage
conditions.

Clock and data recovery circuit and clock multiplier
unit at 40 Gb/s

Overview
In addition to the demultiplexer and multiplexer cores
themselves, the clock and data recovery circuit (CDR) and
the clock multiplier unit circuit (CMU) are required
elements of a complete deserializer and serializer,
respectively. The function of the clock and data recovery
circuit is to extract clock information from the input high-
rate serial data stream and then to use that clock to
reconstruct the input data. Generally, the signal carrying
the data is significantly degraded in the course of its
transmission over the high-serial-data-rate link.
The CDR must compensate for the degradation of
(primarily) timing jitter and amplitude, recovering a
clean copy of what was transmitted with extremely low
error rates. The output data and clock from the CDR is
delivered to the demultiplexer. The CMU supports the
multiplexing function, taking an input reference clock and
multiplying the frequency of that clock to generate the set
of clocks needed by the multiplexer. In the case of a full-
rate architecture, the CMU might also provide a clock
that drives a final at-speed latch, enabling very uniform

Figure 20

Simplified block diagram of back-to-back MUX/DMUX test 

setup. From [23], with permission; © 2002 IEEE.
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Input and output waveforms of 4:1 MUX at 40 Gb/s: (a) 20-GHz 

clock input; (b) on-wafer measured 40-Gb/s output eye diagram; 
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5 ps/div

1
0
0
 m

V
/d

iv

(a)

(b)

(c)

D. J. FRIEDMAN ET AL. IBM J. RES. & DEV. VOL. 47 NO. 2/3 MARCH/MAY 2003

272



data launch timing at the final output of the serializer.
The clocks generated by the CMU must exhibit very little
jitter, and, in the case of a half-rate architecture, as was
pursued in the 40-Gb/s designs described in the following,
the highest-frequency clock must have very uniform duty-
cycle characteristics.

The remainder of this section focuses on the CDR for
40-Gb/s serial data. The general operation of the CMU is
exactly as described in the 10-Gb/s work presented above,
although a half-rate architecture was used.

The challenges faced in executing a 40-Gb/s CDR
design are quite similar to those faced in executing the
multiplexer and demultiplexer cores. The high data
rate pushes the limits of the technology for full-rate
architectures, driving the design to half-rate architectures,
which unfortunately add complexity while making it
possible to achieve the desirable lower operating
frequency.

The 40-Gb/s CDR circuit uses a half-rate clock
architecture, which means that the on-chip VCO is
running at 20 GHz, in contrast to a full-rate architecture,
in which the VCO runs at 40 GHz. This architecture was
chosen for two main reasons. First, given npn device
performance, it allows sufficient margin to ensure 40-Gb/s
operation of the chip with respect to process, temperature,
and power-supply variations. Second, a full-rate
architecture is a more aggressive design that would have
required higher power consumption and, most likely, a
larger power-supply voltage to achieve the required design
margin.

The CDR circuit block diagram is shown in Figure 22.
In this first-pass design, the loop solely implements a
data-recovery function. Because of the relatively narrow
capture range of a typical CDR, a frequency-acquisition
aid loop is usually required to bring the operating
frequency of the loop close to that required for the input
data rate. Once the loop frequency is close enough, the
data loop takes over. A frequency-acquisition aid loop
was successfully incorporated and demonstrated to be
operational in a follow-on version of the chip.

The CDR itself extracts a 20-GHz clock from a 40-Gb/s
serial input data stream. This clock is then used for data
demultiplexing, which, in this design, includes the retiming
function. The 1:2 demultiplexing function is actually part
of the phase-detector operation. The VCO used in the
CDR has two frequency-tuning inputs. The first of these is
controlled by the output of the charge pump, forming the
integral path of the loop (I-filter). The second of these is
controlled directly by the output of the phase detector
(P-filter), effectively implementing the zero of the loop
by direct modulation of the VCO frequency. The I-filter,
which has a very large time constant, is responsible for the
frequency acquisition of the loop. The P-filter, meanwhile,
applies high-frequency modulation pulses to effect phase

corrections of the VCO. The amplitude of the P-filter
pulses controls the bandwidth of the loop; it is externally
adjustable in the implementation described here. Applying
phase corrections directly from the output of the phase
detector (PD) reduces loop latency and thus jitter
generation. The charge pump current of the I-filter
controls the loop damping factor and has little effect

Figure 22

CDR block diagram.
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on the loop bandwidth, assuming that the damping factor
is much larger than 1 (which is the case here because the
PD gain is relatively high). This current is also adjustable
in the implementation described here. The loop filter
capacitor is integrated on chip. In addition to the main
recovered data output, the chip outputs three additional

signals for design evaluation—the two 1:2 demultiplexer
data streams and the VCO clock divided by 2.

Input amplifier
The input amplifier schematic is shown in Figure 23. It
uses the well-known Cherry–Hooper architecture, which
consists of a series chain of an alternating transadmittance
stage (TAS) and a transimpedance stage (TIS). The input
impedance of the TIS is small compared to the output
impedance of the TAS. This results in a mismatch
between the stages up to high frequencies, increasing the
bandwidth of the amplifier. Because the amplifier fan-out
is high (it drives four latches of the phase detector), a
tree architecture is used in which the TIS of a first
amplifier is driving the TAS of two second amplifiers. The
transimpedance amplifier uses active parallel feedback in
order to increase its overall gain– bandwidth product. The
input stage of the amplifier consists of a pair of emitter-
followers with 50-� input termination for impedance
matching.

Phase detector
The block diagram of the PD is shown in Figure 24. This
PD consists of three double-edge-triggered master–slave
flip-flops D1, D2, and D3; two latches L1 and L2; one
XOR gate X1; and one modified AND gate A1. The flip-
flops D1 and D2 sample the incoming data stream on the
rising and falling edges of the 20-GHz I and Q VCO clock
signals, respectively. Note that the VCO Q signal is 90�

out of phase with respect to the VCO I signal. The loop
executes data recovery as follows: When the loop is
locked, data transitions are aligned with the Q signal from
the VCO clock, enabling the I clock to be used to sample
the data at a favorable time. This is effected in the
following way: Depending on the relative phase of the
VCO clock with respect to the data, the output of D1
leads or lags the output of D2. D3 samples the output of
D2 on the rising and falling edges of the output of D1 to
produce a binary signal indicating whether the VCO clock
is leading or lagging the incoming data. In the locked
condition, the edges of the VCO Q clock signal will
be aligned with the transitions of the incoming data.
Assuming a 50% duty-cycle VCO clock and good I and Q
matching, the VCO I clock signal then samples the data
at the midpoint of each bit interval, thus acting as a
decision circuit with no phase adjustment required over
process, temperature, and power-supply variation. The
duty cycle of the VCO clock and the I and Q matching
are important to ensure effective operation of the PD,
especially with regard to jitter tolerance, assuming an
input data stream for which the optimum sampling
point is effectively at the midpoint of each bit.

Because the SONET OC-768 standard allows the run
length of random data to be large, the PD must provide a

Figure 24

Block diagram of phase detector.
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tri-state output when no data transitions are present in
order to avoid excessive VCO frequency drift which can
unlock the loop. The XOR gate X1 senses the presence of
transitions by comparing the outputs of L1 and L2 (these
outputs are actually the demultiplexed data, D_Even and
D_Odd, which are 90� out of phase). The outputs of X1
and D3 are combined in gate A1 (Figure 25), which
generates the tri-level output of the phase detector, where
the three levels are up, down, and tri-state. Gate A1 is a
CML AND gate modified so that its output is tri-stated if
its Z� input is asserted.

Two critical constraints that must be satisfied for a
successful implementation of this architecture are the
delay matching between A1 and the selector of D3, and
the symmetry of the XOR gate. The former constraint
provides good-clock-to-data-delay matching between L1
and L2 and the latches of D3, which is easily achieved,
while the latter requires matching between the two inputs
to output propagation delay. Reasonable delay mismatch
(a few picoseconds) will not break the PD operation but
instead will slightly modify the dynamic of the loop. Though
not catastrophic, this may lead to an increase in generation
of jitter because of erroneous VCO frequency corrections.

Charge pump
The charge pump used in the 40-Gb/s CDR uses the same
approach used in the 10-Gb/s CMU and CDR described
above, in which a negative resistance cell is used to cancel
filter leakage current. The basic topology for this circuit
was shown in Figure 4.

20-GHz I/Q VCO
Half-rate CDR architectures require, in general, a VCO
with precise quadrature phases; these phases are referred
to as I and Q. The basic circuit building block in the
implementation described here is a CMOS LC oscillator
consisting of two back-to-back cross-coupled inverters with
an inductor load (Figure 26). The inductor resonates with
the varactor capacitance and the gate and drain junction
capacitance of the FETs to determine the oscillation
frequency. The negative resistance of the cross-coupled
FETs acts to overcome the inductor loss as well as the
layout wiring loss. In the I–Q oscillator implementation,
two such identical oscillator building blocks, labeled A
and B in Figure 26, are coupled to each other by FETs
(M5–M8) of the same size as the internal negative
resistance FETs (M1–M4), thus creating direct coupling
in one direction and cross-coupling in the other.

In order to understand the operation of the coupled
oscillators, first suppose that the two oscillators
synchronize in-phase. In this case, the cross-coupled path
from oscillator B to A absorbs the negative resistance
current produced by (M1A, M2A) and (M3A, M4A), and
oscillator A stops, which in turn stops oscillator B through

the cross-coupling path. The same process applies in
reverse if the two oscillators are anti-phase. Therefore,
oscillations can coexist in both coupled oscillators only
when both are synchronized in quadrature. In this mode
of operation, the unique phase relationship of the four
outputs are 0� at M2A, 180� at M1A, 90� at M2B, and
270� at M1B. The current in the quadrature-output VCO
is controlled by a large p-FET device connected between
ground and the top rail of the two oscillators.

Measurement results
The CDR has been tested on-wafer using 40-GHz
bandwidth probes and 27 � 1 PRBS input data. Its total
dc power consumption was 1.3 W at �3.6-V supply

Figure 26

20-GHz CMOS VCO with quadrature outputs. From [26], with 

permission; © 2002 IEEE.
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voltage. Without the output test buffers, the power
consumption was approximately 1.1 W.

The quadrature CMOS VCO oscillation frequency was
observed to be 10% higher than expected. It had a phase

noise of �97 to �100 dBc/Hz at 1-MHz offset. The VCO
consumed about 16 mA from �3.6 V. The tuning range
was about 600 MHz. This small tuning range ensured a
small VCO gain for PLL applications. When locked to
PRBS input data, the VCO oscillated between 22.1 and
22.6 GHz, corresponding to a hold range of 2.2%. In a
follow-on design, the tuning range of the VCO was
extended to 2 GHz using a band-switching approach
similar to that used in the 10-Gb/s transceiver work
described above. At 45 Gb/s PRBS input, the recovered
clock phase noise was approximately 0.3 ps or 13 mUI in a
50-kHz–500-MHz bandwidth. Input and output waveforms
showing 45-Gb/s CDR operation are shown in Figure 27.

Clock multiplier unit
As mentioned above, the architecture for the clock
multiplier unit is the same as that used for the 10-Gb/s
clock multiplier unit described earlier in this paper.
The CMU for 40-Gb/s-data-rate applications, however,
was designed using a half-rate architecture. The main
consequence of this choice is that the VCO runs at half
rate. The phase-noise performance of this VCO is shown
in Figure 28; its architecture is the same as that shown in
Figure 10. A system-level consequence of using a half-rate
architecture on the transmit path is that careful attention
must be paid to duty-cycle symmetry in the 20-GHz output
clock; duty-cycle variation creates additional deterministic
jitter in the output data waveform.

5. Front-end circuits at 40 Gb/s

Introduction
In addition to the serializer and the deserializer, other key
elements of a 40-Gb/s link are the front-end circuits. In
this section, the design and performance of two examples
of these circuits implemented in SiGe BiCMOS 7HP are
discussed. We first describe a limiting amplifier, which
receives the output of a transimpedance amplifier and
generates a signal of sufficient amplitude to satisfy the
input sensitivity requirements of the serial data receiver of
the CDR circuit. We then describe an electro-absorption
modulator driver, which receives the output data stream
from the serializer and generates sufficient swing and the
correct characteristic impedance to satisfy the input
requirements of an electro-absorption modulator.

40-Gb/s limiting amplifier
The 40-Gb/s limiting amplifier described here employs
a CML topology to allow dc coupling of the 50-� I/O
circuits. Because of the high impedance of the input stage,
input matching is achieved using passive components.
Each input signal was terminated by a 50-� resistor tied
to ground, which also supplied the bias current for the
input level-shifter stage. The layout of the input

Figure 28

VCO phase-noise performance vs. offset frequency for TxPLL 

VCO operating at 21 GHz under various coarse calibration settings, 

at operating temperatures ranging from 0 to 100�C, corresponding 

to the different symbols.

0.01 0.1 1 10 100 1000

Offset frequency (MHz) (center frequency: 20–22 GHz)

�130

�120

�110

�100

�90

�80

�70

�60

P
h
a
se

 n
o
is

e
  
(d

B
c
/H

z
)

Figure 27
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termination network employed a 50-� ground-signal-signal-
ground (G-S-S-G) taper to lump the bond-pad capacitance
into the controlled impedance of the taper line, thus
avoiding a capacitive discontinuity at the bond pad.

The core of the amplifier consisted of four limiting
amplifier cells, each having a gain of 7 dB (Figure 29). These
amplifiers do not employ feedback to boost gain, since
we wished to explore amplifier topologies that would
be easier to extend to higher frequencies without fear
of phase margin issues. Each amplifier consisted of a
differential pair with two diodes as the load, followed by
an emitter-follower stage to buffer and shift the output
to the proper level for the next input stage. Small-signal
analysis of this configuration gives a theoretical voltage
gain of gm load/gm diff pair � 2gm/gm � 2, or a gain of 6 dB.
However, large-signal analysis and simulations showed
that both the gain and the bandwidth could be increased
slightly by employing load diodes slightly smaller than the
input differential pair device size. By so doing, the gain
per cell in limiting mode was increased to 7 dB.

Though the core of the amplifier was unconditionally
stable, employing no feedback, the emitter-follower buffer
stage needed careful design to avoid “inductive” behavior
causing overshoot in response and increasing amplifier
jitter. It should be noted that if feedback amplifiers had
been used, they too would have required emitter-follower
level shifters between stages and thus the same care in
design [27].

To support 40-Gb/s I/O, source and load terminations
were assumed to minimize potential reflections. The output
driver was a cascoded differential amplifier with 50-�
loads which provided the termination of a 50-� G-S-S-G
coplanar taper, identical to the taper used at the input.

Table 2 compares simulated and measured performance
for the 40-Gb/s limiting amplifier packaged in an
experimental ceramic package with V-connector signal
launches. The amplifier draws 120 mA from a single
�5.2-V supply, dissipating 624 mW while running at
40-Gb/s rates. A 40-Gb/s differential pseudorandom
bit stream generated by a SHF1 pattern generator was
deskewed with wide-bandwidth delay lines, attenuated,

then fed into the post-amplifier (or simply “post-amp”).
After deskewing, attenuation, and transmission through
cables, the 20%– 80% rise and fall times of the signal
fed to the post-amp were 14 ps (12 ps de-embedded).

Because the package and connector contribute 2 to 3 dB
in attenuation at these frequencies, some de-embedding
was necessary in order to compare the post-amplifier
performance to simulations. The measured gain, 25 dB,
agreed well with the 26-dB simulated gain for a nominal
device at room temperature. De-embedding the scope
response yielded 7- to 8-ps 20%– 80% rise times for the
amplifier operating in the limiting mode.

Figure 30(a) shows typical eye diagrams of the 231 � 1
pseudorandom data from the pattern generator. The
amplifier output eye [Figure 30(b)] shows little added
jitter and faster edge rates when compared to the input.
A clean output eye is maintained for input data from
20-mV to 1-V peak-to-peak differential amplitude or
over a 34-dB dynamic range.

Modulator driver
At bit rates much beyond 10 Gb/s, indirect laser
modulation is required in order to prevent frequency chirp
and concomitant chromatic dispersion penalties in such
high-speed links. In this section, we report the results of a
single-ended electro-absorption modulator (EAM) driver
designed to deliver over 3 V p-p single-ended drive into
50-� termination while consuming 3 W from a single
�7.5-V supply. The driver also supplied an adjustable dc
bias voltage needed by the EAM device.

As in the case of the post-amp, the input and output
terminations on this device were on-chip, low-parasitic
50-� polysilicon resistors used with coplanar waveguide
(CPW) launches to allow dc coupling of the high-speed1 SHF Communication Technologies AG, Berlin, Germany.

Table 2 Comparison of simulated and measured performance
for 40-Gb/s limiting amplifier in an experimental ceramic
package with V-connector signal launches.

Parameter Extracted
simulation

Measured
(de-embedded)

Gain 26 dB 25 dB
Rise and fall times 7 ps 8 ps
Jitter, deterministic 	1 ps 0.9 ps

Figure 29

Simplified schematic of gain stage with emitter-follower level 

shifter. In the figure, the term V
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signals (Figure 31). Waveform symmetry adjustment was
effected by applying an analog voltage to an input offset
control pin. This driver circuit was tested on-wafer
using 40-GHz bandwidth coplanar G-S-G probes for the
high-speed input and output signals. A representative
eye diagram from first-pass hardware at 20 Gb/s is

shown in Figure 32. The noise in both eyes was primarily
sampling head noise.

An important aspect of this application is the
requirement for large voltage swings—indeed, large
enough that there was some skepticism in the III–V
semiconductor community that a SiGe-based design would
ever succeed in generating the necessary swings with any
degree of reliability. This driver was the first SiGe 7HP
design reported with a single-ended peak-to-peak output
swing larger than the collector– emitter breakdown voltage
with the base open (BVCEO); swings of 3.2 V (peak-to-
peak), well in excess of BVCEO, are shown in the figure.
This was possible because of the low base drive
impedance in the design, allowing the devices to operate
with a collector-to-emitter voltage (Vce) of 4 to 5 V
(peak-to-peak)—well in excess of the dc-rated BVCEO.
The driver was further stressed by increasing the supply
voltage to �10 V and running the driver for several hours.
Although the waveform was distorted at this high supply
voltage, the device exhibited nominal operation with no
discernible degradation when the voltage was restored to
�7.5 V. Device testing is underway at high dynamic Vce

swings to further clarify the safe operating area under low-
base drive impedance conditions. These results show that
SiGe bipolar technology may be able to address higher
voltage drive applications than would be expected, given
the low value of BVCEO.

From the figure it is clear that the output rise/fall
times (bottom) were faster than the 20-Gb/s input from
the signal source (top). The output signal exhibited
deterministic jitter (DJ) in the form of waveform

Figure 30

Typical eye diagrams of the 231 � 1 pseudorandom data from (a) 

the 40-Gb/s pattern generator with 1.6-ps rms jitter and (b) the 

amplified signal with 1.9-ps rms jitter and faster edges.
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Simplified schematic of EAM driver output stage with inductive 
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20-Gb/s signal source (top) and EAM driver output (bottom) 

showing 3.2-V peak-to-peak single-ended drive voltage. From 

[26], with permission; © 2002 IEEE.
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splitting on the falling edge, which was not predicted by
simulations. The source of this DJ has not yet been
determined, but is most likely due to an interaction
between the peaking used to compensate for the
additional loading presented by the dc offset devices and
reflections in the CPW-to-package interface. The dc offset
devices are externally controllable current references that
can be used to set the operating point for the EAM. A
new design that dispenses with the on-chip bias trim,
which was deemed unnecessary, is underway. This redesign
should enable operation at higher speeds and reduced DJ,
since the peaking will be greatly reduced.

Discussion: Analog front-end circuit design for
40-Gb/s applications
Designing, packaging, and measuring high-speed analog
front-end circuits targeting 40-Gb/s data rates is
challenging because these efforts push the edge of what
is possible while stretching modeling, circuit extraction,
and simulation state of the art to the limit. Rules of
thumb derived from experience as well as the results
of standalone full-wave electromagnetic simulators
were used in on-chip interconnect layout, but more
care was taken in the design of coplanar taper launches
to ensure that they provided a good match to a 50-�
environment.

Packages for these circuits were also designed with EM
simulators to provide controlled 50-� microstrip lines in
alumina or organic substrates tapering out to 60-GHz
V-connectors. The chips were placed in a cavity in the
substrate to make the bonding surface of the die and
package coplanar, allowing the shortest possible ribbon
bonds in order to reduce parasitic inductance. At 40 GHz,
for example, the magnitude of j
L for a 100-pH
inductance (a ribbon bond approximately 200 �m long)
is 25 �—a huge discontinuity in a 50-� environment!
We believe that such impedance discontinuities accounted
for the performance-reduction results for packaged parts
compared to on-wafer results.

Measurements were similarly hampered by passive and
active equipment limitations. Electrical cables rated for
use at a 60-GHz bandwidth and length less than 30 cm
actually have 1–2-dB skin-effect losses from dc to 40 GHz
which cause intersymbol interference in the signals fed
into our high-speed chips. Wafer probing required even
longer cables with more loss because bulky test equipment
could not be placed on the prober platform. Finally, as
seen in the eye diagrams, the pattern generator used to
test the circuits had slower rise and fall times than the
circuits themselves, and the scope sampling head, rated at
50 GHz, had 7– 8-ps intrinsic rise times. For these reasons,
de-embedding of measurements was required in order
to estimate actual circuit performance. For example,
measured 20 – 80% rise/fall times were 10 ps, with the

intrinsic scope response being 7– 8 ps, giving 7– 8-ps rise
times for de-embedded estimates. As another example, the
pattern generator rms jitter was 1.7 ps and the measured
post-amp output was 1.9-ps rms jitter, yielding an estimate
of 0.9-ps rms jitter contributed by the post-amp. Since
an error detector at 40 Gb/s was not available when
measurements were taken, we could not use the bathtub
curve method to extract jitter information, but even this
method likely would have suffered from jitter limitations
of the high-speed error detector.

6. Concluding remarks
High-speed data communication networks of the 21st
century will continue to require high performance, low
power, and low bit-error rates from serial links at an
affordable price, forcing the IC industry to move to higher
levels of integration at lower power levels. This can be
achieved only by using silicon-based technologies combined
with cost-effective packaging and testing approaches.
This paper has highlighted the challenges of such a
serial transmission subsystem design environment from a
circuit designer’s perspective, focusing on the integration
of key serial link transceiver functions. A wide range of
microwave mixed-signal circuit implementations have been
described, including 10 –13-Gb/s serializer/deserializer
chips with subpicosecond jitter performance, 56-Gb/s
multiplexer/demultiplexer ICs, 40-Gb/s clock-and-data
recovery/clock-multiplier phase-locked loops, limiting
amplifiers, and EAM drivers. SiGe BiCMOS technologies
in production at IBM have been used throughout this
work. While the 10-Gb/s designs utilized full-rate
architectures, the 40-Gb/s work relied on half-rate
clocking schemes. However, because of the recent
advances in the IBM SiGe HBT technology, which
provides transistor cutoff frequencies beyond 200 GHz
[28], it is now possible to implement OC-768 functions at
an acceptable system-level power consumption level using
a full-rate architecture.

On the basis of the leading-edge performance levels
described in this paper, it can be foreseen that SiGe-based
designs will continue to move into market segments
previously believed to be the stronghold of GaAs- and
InP-based technologies. With increased emphasis on
developing microwave models for active and passive
elements as well as the package and board environment, it
is expected that the SiGe technology will be the choice for
multi-terabit-throughput parallel links of the future. In
addition to the broadband communications field, which
was the focus of this paper, the future microwave test
equipment markets and the emerging field of short-range
wireless local area networks, which can carry Gb/s data,
should also benefit from the advances described.
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