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Abstract—A 4:1 SERDES IC suitable for SONET OC-192 and
10-Gb/s Ethernet is presented. The receiver, which consists of a lim-
iting amplifier, a clock and data recovery unit, and a demultiplexer,
locks automatically to all data rates in the range 9.95–10.7 Gb/s.
At a bit error rate of less than 10 12, it has a sensitivity of 20 mV.
The transmitter comprises a clock multiplying unit and a multi-
plexer. The jitter of the transmitted data signal is 0.2 ps rms. This is
facilitated by a novel notched inductor layout and a special power
supply concept, which reduces cross-coupling between the trans-
mitter and receiver. Integrated in a 0.13- m CMOS technology,
the total power consumption from both 1.2- and 2.5-V supplies is
less than 1 W.

Index Terms—Clock and data recovery, CMOS integrated cir-
cuits, crosstalk, integrated inductors, jitter, OC-192, phase-locked
loops, SONET, transceivers, voltage-controlled oscillators.

I. INTRODUCTION

DEMAND for bandwidth is ever increasing and so is the
pressure on cost for communication equipment. This ex-

plains the attractiveness of implementing a 10-Gb/s transceiver
in a CMOS technology, as opposed to using expensive SiGe or
even GaAs processes where 10-Gb/s designs were first known
[1]. Additional benefits of CMOS are the higher integration
density and the possibility to have large logic blocks on the
same chip. Many challenges are posed by the SONET OC-192
requirements on a CMOS design, which has to overcome such
drawbacks as slow device speed (low ) and large intrinsic
device noise. Further, to meet the jitter requirements, good
immunity to power supply noise in general and, more specif-
ically, low crosstalk between receiver and transmitter are a
prerequisite. These considerations and the need to avoid ex-
ternal components have led to the presented design.

II. 10-Gb/s TRANSCEIVER ARCHITECTURE

AND CIRCUIT BLOCKS

The transceiver is composed of the major building blocks
shown in Fig. 1. The input signal of the receiver enters the lim-
iting amplifier (LIA) whose output is then fed into the clock
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and data recovery (CDR). The data output of the CDR is after-
wards demultiplexed from 10 Gb/s to four 2.5-Gb/s data streams
by two stages (DMUX). The four signals are provided as the
buffered chip outputs RXD0–RXD3. The recovered 10-GHz
clock is divided likewise by four and provided as a buffered
chip output signal RXClk. An external 622-MHz clock (Refclk)
is used by the CDR as reference for initial calibration. For the
transmitter, the four 2.5-Gb/s data streams TXD0–TXD3 are
multiplexed by two multiplexer stages (MUX) into a 10-Gb/s
data stream, which is then retimed and buffered to provide the
low jitter output signal, DO (Fig. 1). The required 10-GHz clock
is generated by a clock multiplying unit (CMU).

A. 10-GHz LC Voltage-Controlled Oscillator

Two LC voltage-controlled oscillators (VCOs) are imple-
mented, which share a common building block (see Fig. 2) and
operate at 10 GHz. The quadrature VCO in the CDR consists
of two cross-coupled VCO building blocks while the CMU
VCO uses only one. The tank of the VCO is realized using
an on-chip inductor, pn-junction varactors, and an array of
switched metal–insulator–metal capacitors (mim-caps). The
varactors and inductor are designed to achieve the stringent
jitter requirements of the LC oscillator. The pn-junction varac-
tors are implemented as stripes of p diffusion in the n-well
as this provides a high quality factor even at frequencies above
10 GHz Q . For the inductor, a novel horseshoe shape
with notches increases the quality factor at 10 GHz. The quality
factor is deteriorated by two effects: the skin effect, which
forces most of the current to the surface of the conductor, and
the proximity effect, which is the increase of current density
on the inside caused by the lower magnetic field there. To
oppose these effects, the proposed structure has notches on
the inside edge, as shown in Fig. 2. These notches force the
current toward the outside, leading to a more uniform current
distribution across the conductor. Yet the width of the conductor
is only locally reduced so that the dc resistance is only slightly
increased. As the average radius of the current path is larger, the
inductance is increased as well. Measurements confirmed an
increase in inductance by 6% and in the quality factor by 30%
to a value of 26 at 10 GHz. The architecture of the oscillator
combines a coarse/fine tuning scheme, to achieve low phase
noise together with a wide tuning range, as depicted in Fig. 2.
In the coarse tuning section, a mim-cap array provides a tuning
range of 1.2 GHz. The pn-varactors with a tuning range of
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Fig. 1. Transceiver architecture.

Fig. 2. A 10-GHz LC VCO. (a) Schematic. (b) Layout. (c) Current path.

300 MHz are used for continuous tuning during normal opera-
tion of the phase-locked loop (PLL). As the capacitance of the
pn-varactors is small, the total tank capacitance is very linear.
Hence, phase noise is low, as only a small amount of noise is
upconverted. A cross-coupled NMOS differential pair provides
the negative transconductance. The 10-GHz LC VCO achieves
a phase noise of dBc at 1-MHz offset, drawing 6.5 mA
from a 1.2-V supply. A figure of merit [3] of 190 dB results.

B. High-Speed Current Mode Logic

All high-speed logic functions are based on current mode
logic (CML). Active shunt peaking with NMOS loads [4] re-
sults in 70% higher bandwidth. As an example, a latch and a

buffer are shown in Fig. 3. The dc gains of the CML stages are
insensitive to process, temperature, and bias current variations
since they are primarily determined by the ratio of load and input
transistor dimensions: . Two
antiparallel diode-connected NMOS transistors limit the output
voltage swing, thus the input pair of the following stage is not
overdriven and at the same time the NMOS loads are never fully
turned off.

C. Power Supply Concept

With the applied power supply concept, the supplies of the
high-speed CML cells are linearly regulated on a per block
basis, which allows maximum signal swing without exceeding
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Fig. 3. Power supply concept and high-speed CML logic.

device breakdown voltages. High-frequency crosstalk between
Rx and Tx is minimized by local capacitive coupling of the
regulated supplies to a common ground plane and by providing
a very low impedance path with 29 bondwires to the external
ground. The ground plane is realized using metal layer 1 across
the entire chip and additionally metal layers 2–6 where space is
available. The supply regulators provide isolation of the local
supplies from the global one. Further, they have the advantage
that all LC loops formed by bondwire inductances together
with external capacitances and on-chip decoupling capacitance
are well damped, as the linear regulators introduces a large
impedance into the loops. In addition, no external decoupling
capacitances are needed that could prove to be inductive at high
frequencies.

III. RECEIVER

A. Limiting Amplifier

In the receive path, the 10-Gb/s input data is first amplified
by the LIA, which provides 30 dB of gain at a bandwidth of
7.5 GHz. Its topology (see Fig. 4) is similar to that presented in
[4]. However, five gain stages with active shunt peaking and a
common-gate input stage [8] are used. The input stage provides
500-mVpp differential input range. The shunt peaking realized
with NMOS loads is not used to the full extent as it would cause
horizontal closure of the eye pattern due to increased group
delay distortion. The signal in the amplifier stages is limited by
antiparallel NMOS diodes, which have resistors in front of the
gates to shield the output nodes from the gate capacitance. For
offset compensation, a balanced integrator circuit amplifies the
offset of the output and feeds an error signal into the node be-
tween the common gates input stage and the first gain stage of

the amplifier. The bandwidth of the offset cancellation loop is
set to 50 kHz to keep baseline wander low. To achieve accept-
able return loss, the input impedance of the input stage has to
be calibrated to match the 100- line impedance (see Fig. 5).
The calibration is accomplished by forcing a well-defined cur-
rent into a replica of the common input stage. The voltage
drop, which results at the input, is regulated to a fraction of
the bandgap voltage by adjusting the bias cur-
rents of the common-gate input stage. Since is derived from
the bandgap voltage with an external resistor, the synthesized
impedance is a function of the resistor R and the fraction

only. Both the replica and the regulator opamp are chopper
stabilized, thus only mismatch in the current mirrors used for
biasing leads to manufacturing tolerances, which can easily be
kept below 3%.

B. Clock and Data Recovery

The full-rate architecture of the CDR (Fig. 6) employs a two-
loop approach: a fast phase-tracking loop and a slow frequency-
tracking loop, both operating continuously. To achieve a smooth
transition from frequency to phase tracking, the frequency de-
tector is implemented as a quadrature correlator [6]. Depending
on the phase relation between the data transition and the quadra-
ture clock provided by the quadrature VCO, the frequency de-
tector (FD) in conjunction with a charge pump generates an
error voltage that adjusts the VCO frequency to the input
data rate. After frequency acquisition, the FD output is zero
and thus the charge pump is tristated. The phase-tracking loop
(Fig. 7) is implemented with a bang-bang phase detector (PD)
[5]. Depending on the phase relation between the VCO clock
CKI and the incoming data, the PD produces a binary signal

, indicating whether the clock is leading or lagging the data.
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Fig. 4. Limiting amplifier (LIA).

Fig. 5. LIA: tuning circuit for input impedance matching.

Under lock conditions, the rising edges of the clock are aligned
with the data transitions while the falling edges of the clock
sample the data in the middle of the symbol interval. A buffer
then converts the binary PD output to a fully differential
tuning voltage of , thus switching the VCO around the
center frequency, which is determined by the FD loop. To avoid
phase drift and jitter due to long runs of consecutive 0’s and
1’s, an additional counter is implemented, indicating if more
than consecutive 0’s or 1’s at the input are detected [7]. In
this case, the counter output CZO sets the buffer output voltage

to zero and switches the bang-bang loop to tri-state. The
quadrature LC VCO, which is controlled by both the FD and
PD loops, consists of two cross-coupled VCO building blocks
(Fig. 8). The cross-coupling is implemented with differential
pairs, whereby the coupling coefficient is determined by device
sizes only. Moreover, it is sufficiently larger than the magnetic

Fig. 6. CDR.

coupling between both inductors to maintain quadrature phase
relation. The pn-varactors are part of the frequency tuning loop,
while four antiparallel pn-varactors are added for the bang-bang
phase loop. Due to the antiparallel connection of these addi-
tional varactors, their nonlinearity is canceled to first order.

IV. TRANSMITTER

During startup, the digital control circuit (VCO-init) disables
the charge pump, with the CPreset signal, and calibrates the
VCO to 16 times the reference clock (see Fig. 9). This dig-
ital calibration achieves an accuracy of 1%, hence automatic
adaption for most 10-Gb/s applications is provided. Given the
demanding nature of the SONET/SDH jitter specifications, a
mostly differential design is used in the CMU: both the VCO
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Fig. 7. Phase tracking loop (bang-bang).

Fig. 8. Quadrature LC VCO.

and CML blocks are fully differential. However, the loop filter
is connected to the VCO in a pseudodifferential manner, as
one side of the filter output is connected to the tuning input

and the other side to the center tap of the inductor, as shown
in Fig. 9. Hence, a single-ended topology for the charge pump
is sufficient. The linear phase–frequency detector is a con-
ventional three-state style structure based on D-flip-flops. The
nonlinear gain characteristic of the VCO is compensated by
adjusting the charge pump current to keep PLL loop band-
width and stability constant. The increase of tuning voltage
(speeding up the VCO) is associated with a reduction of VCO
gain. This reduction is compensated by increasing the charge
pump current proportional to the scale factor (SF). Fig. 10(a)
shows SF and the VCO gain before and after linearization,
and Fig. 10(b) shows the linearization circuitry. The CMU
bandwidth is set by the on-chip loop filter to 8 MHz [see
Fig. 11(a)]. An external filter can be connected in parallel to
the internal loop filter to satisfy the SONET requirement for
jitter transfer peaking of less than 0.1 dB. The peaking of
the jitter transfer function is then in accordance to SONET
requirements [see Fig. 11(b) and 12], yet the bandwidth of
approximately 1 MHz does not meet the SONET requirement
of less than 120 kHz.

V. MEASUREMENT RESULTS

All measurements were taken at the OC-192 data rate
(9.953 Gb/s). To evaluate the sensitivity to crosstalk, mea-
surements were also taken with 20 ppm reference clock offset
between Rx and Tx, as this is a very critical case for practical
applications. A summary of the measurements is shown in
Table I.



2354 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 39, NO. 12, DECEMBER 2004

Fig. 9. Clock multiplying unit (CMU).

Fig. 10. VCO gain linearization. (a) VCO gain. (b) Gain control.

A. Transmitter Measurements

The extremely small clock jitter at the output of the CMU has
been measured with a jitter analyzer (Anritsu MP1777A) and
verified with phase noise measurements (Agilent HP4352B).
The jitter analyzer measurements revealed a jitter of 200 fs rms
and 2.0 ps , which is five times below the maximum allowed
SONET/SDH specification of 1 ps rms. The measurement was
performed at a bit error rate (BER) of less than and
bandwidth of 50 kHz to 80 MHz. Fig. 13 presents the overlaid
phase noise measurements of the free-running LC VCO, the
622-MHz reference clock at the input, and the 10-GHz clock
at the output of the CMU. It is evident that the CMU output
exhibits a phase noise characteristic identical to the reference
clock, yet the phase noise magnitude is scaled up by approx-
imately 24 dB, which reflects the CMU multiplication factor
of 16. Hence, converting phase noise into jitter reveals that
the main contributor of the 10-GHz clock jitter is actually the
reference clock itself. Integrating the phase noise from 50 kHz
to 80 MHz yields a jitter of approximately 200 fs rms, which

Fig. 11. CMU bandwidth. (a) On-chip loop filter. (b) With external loop filter.

verifies the jitter analyzer measurement. Crosstalk measure-
ments with 20 ppm transmitter and receiver reference-clock
offset reveals a low additional jitter of 100 fs pp on the 10-GHz
transmit clock, which confirms the presented power supply
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TABLE I
MEASUREMENT SUMMARY

Fig. 12. CMU jitter peaking with external loop filter.

Fig. 13. (a) Phase noise of the reference clock. (b) Phase noise of the CMU.
(c) Phase noise of the free-running oscillator.

approach. The eye diagram of the 10-Gb/s data and the 10-GHz
clock output measured with a pseudorandom bit se-
quence (PRBS) pattern is shown in Fig. 14. An open eye and

Fig. 14. Transmitter output waveforms. Measurements include
data-dependent jitter at high frequencies above 80 MHz and are further
exacerbated by approximately 700 fs rms oscilloscope jitter (Tektronix
CSA800B).

only negligible intersymbol interference (ISI) can be observed
in the data pattern. The differential amplitude of the data signal
exceeds 800 mV and the differential amplitude of the clock
signal 600 mV .

B. Receiver Measurements

The jitter tolerance of the receive path, which comprises the
LIA, CDR, and 1:4 DMUX, has been measured at a BER of

with a PRBS pattern applied differentially to the input.
For an LIA input signal of 100 mV , which corresponds to
the nominal value of the CDR input, approximately 0.5 UI
is measured. For an input signal of 15 mVpp single-ended, a
high-frequency jitter tolerance greater than 0.35 UI is achieved.
The measurements show that the jitter tolerance specifications
for SONET OC-192 are exceeded with more than 100% margin
(see Fig. 15). A PRBS pattern produces 8.3 ps pp jitter and
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Fig. 15. CDR jitter tolerance measurements.

Fig. 16. LIA: input return loss.

1.1 ps rms jitter on the full-rate recovered clock, which in-
cludes 700 fs rms jitter of the oscilloscope trigger (Tektronix
CSA8000B). Measuring the phase noise with a spectrum ana-
lyzer yields 106 dBc at 1-MHz offset. The jitter generation in
the SONET band from 50 kHz to 80 MHz is 0.4 ps rms. The
return loss measurement of the synthesized input impedance of
the LIA is shown in Fig. 16.

VI. CONCLUSION

A fully integrated 10-Gb/s transceiver operating from 9.95
to 10.7 Gb/s is implemented in a 0.13- m CMOS process. The
design is a full rate architecture and features a novel notched in-
ductor layout and a special power supply concept. The receiver
input sensitivity is 20 mV at a BER below . Jitter tolerance
and jitter generation specifications for SONET OC-192 are ex-
ceeded by margins of 100% and 500%, respectively. Crosstalk
measurements reveal a low additional jitter of 100 fs pp on the
10-GHz transmit clock, which confirms the presented power
supply approach. A microphotograph of the chip is shown in
Fig. 17, and the results of the measurements are summarized in
Table I.

Fig. 17. Chip microphotograph. Chip size is 3 mm� 5 mm.
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