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5–10 Gb/s 70 mW Burst Mode AC Coupled Receiver
in 90-nm CMOS

Masum Hossain and Anthony Chan Carusone, Senior Member, IEEE

Abstract—A low power burst mode receiver architecture is pre-
sented which can be used for AC coupled links where low frequency
signal components are attenuated by the channel. The nonlinear
path comprises a hysteresis latch that recovers the missing low fre-
quency content and a linear path that boosts the high frequency
component by taking advantage of the high pass channel response.
By optimally combining them, the front-end recovers NRZ signals
up to 13 Gb/s burning only 26 mW in 90 nm CMOS. A low power-
and area-efficient clock recovery scheme uses the linear path to in-
jection lock an oscillator. A simple theory and simulation technique
for ILO-based receivers is discussed. The clock recovery technique
is verified with experimental results at 5–10 Gb/s in 90 nm CMOS
consuming 70 mW and acquiring lock within 1.5 ns.

Index Terms—Burst mode, dicode channel, AC coupling, half-
rate, injection locking.

I. INTRODUCTION

H IGH-SPEED links with small AC coupling capacitances
are increasing in importance. For example, wireless inter-

connects using either inductive or capacitive coupling between
stacked dice can achieve high density [1], [2], [3]. These inter-
connects also introduce spectral nulls at DC. As a result, the
receiver receives a stream of positive and negative pulses corre-
sponding to the rising and falling edges of transmitted data. Re-
ceivers which are capable of recovering NRZ signals from these
narrow pulses are referred to in this work as AC coupled re-
ceivers, and are not to be confused with receivers for links with a
relatively large DC blocking capacitor where the received wave-
form still look like an NRZ signal with some baseline wander
[4]. Fabrication of such interconnects are challenging due to the
required alignment and heat dissipation [5]. The focus of this
work is to present power and area efficient I/O circuits which do
not limit the interconnect density and reduce the heat that must
be dissipated. One possible implementation is shown in Fig. 1.
A shared PLL can perform frequency acquisition globally [6]
and skew compensation is done individually per link.

The present status of AC coupled receivers is summarized
in Fig. 2 where the power efficiency is plotted for different
bit-rates. The primary focus of existing AC coupled receivers
is NRZ signal recovery, and several front-ends for this purpose
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Fig. 1. AC coupled pulse transceivers for high density I/Os.

Fig. 2. Summary of existing AC coupled pulse receivers.

have been demonstrated with excellent power efficiency. How-
ever, when clock recovery is included their power efficiency sig-
nificantly degrades [1].

Burst mode capability is also desired for high-density AC
coupled interconnects as it results in reduced power and area
consumption [7]. In [7] no timing recovery is performed; the re-
ceiver fully relies on matching between the data and forwarded
clock path [7]. This requires very accurate matching of the inter-
connect and stacked-die coupling. On the other hand, the clock
recovery techniques used in [1] and [2] are too slow to allow
burst mode operation. A timing recovery scheme which can re-
cover a clock within several bit periods is sought. Such fast
locking techniques are already employed in other wireline ap-
plications such as passive optical network (PON) systems. For
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Fig. 3. Equivalent circuit of an AC coupled link including transmitter, channel and receiver.

example, the 10 Gb/s receiver presented in [8] is AC coupled
and also provides fast locking. However, the 2 W of power con-
sumed in [8] is not acceptable for chip-to-chip applications.

In this work we provide both NRZ recovery and fast locking
with significantly reduced power (70 mW) consumption. Com-
pared to the previous work in [9] we have made several modi-
fications: (i) We use a hysteresis latch with a variable decision
threshold. This allows the receiver to be implemented with less
preamp gain which translates into a 20% power savings. (ii) In
this work the high-pass linear signal path introduced in [9] is
further leveraged to facilitate clock recovery over a broad fre-
quency range. (Clock recovery was not considered in [9].) It
will be shown later that the use of this linear path results in im-
proved jitter and lower power consumption compared with [1].
(iii) Unlike [8], [10], [11], we use a half-rate ILO for clock re-
covery which further reduces the power consumption. Half-rate
injection locking has been previously used for DC coupled chan-
nels [12]. Taking advantage of the high-pass channel response,
half-rate injection locking is here adopted for AC coupled re-
ceivers. In summary, the high pass response provided by the AC
coupled channel is used to advantage for both equalization and
clock recovery.

In Section II we will first focus on the NRZ signal recovery
circuitry including experimental results. In Section III, we will
discuss burst mode timing recovery techniques where the linear
path is used to extract timing information. Some theory required
to evaluate such a CDR will be derived in Section IV. The imple-
mentation and experimental results are discussed in Section V.

II. NRZ SIGNAL RECOVERY

NRZ signal recovery from AC coupled links is studied in, for
example, [1], [2], [5]. A simple capacitvely-coupled channel is
shown in Fig. 3. Since the coupling capacitances are small (on
the order of fF) the time constant is much less
than a bit period and the channel response is approximately
over the band of interest. Hence, the transmitted NRZ signal is
differentiated. On the receiver side, the channel’s differentiation
can be undone by comparing the received signal to a threshold

that depends upon the last bit, similar to peak detection pre-
viously employed in differentiating magnetic storage channels
[13]. At the targeted data rates of 5–10 Gb/s, multiple lower-
rate data streams can be aggregated onto each pair. The trans-
mitter may employ either current-mode buffers or voltage-mode
buffers as in [1].

A. Hysteresis Latch (Nonlinear Path)

The functionality described above is equivalent to decision
feedback equalization (DFE) [13]. Unlike a conventional DFE,
this can be implemented without any clock using a simple hys-
teresis latch as shown in Fig. 4(a). The decision threshold level is
updated based on most-recently decoded bit, .
Note that this feedback circuit provides only two stable oper-
ating points at and . The output will be forced high
(to ) whenever the voltage exceeds and it will
be forced low (to whenever the voltage is below

. When the voltage is in the range
, the output polarity is held at its previous state.

The circuit implementation is shown in Fig. 4(b) [9]. Here
and the feedback gain is equal to . To

provide hysteresis, the small signal loop gain
should be greater than 1. Since the feedback is positive, the
output amplitude increases exponentially until it completely
switches the differential pairs and at which point the
feedback signal is . Hence, the input referred
threshold of the latch is

(1)

Note that by adjusting the tail current sources the de-
cision threshold levels can be adjusted according to the input
signal swing. The transient behavior of the decision threshold
and output voltage are shown in Fig. 5(a) for two settings of

. There are two settling times associated with this circuit:
the threshold settling time, and the output settling time,

. To enable a fast response, the capacitive loading at the in-
ternal nodes is minimized by using as an output buffer.
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Fig. 4. Hysteresis latch topology for NRZ recovery: (a) NRZ recovery with DFE; (b) proposed Implementation.

For larger threshold voltages, the signal takes longer to switch
from to . Note that as is increased, the threshold
voltage increases linearly but the transconduc-
tance increases more slowly and as a result
the settling time also increases. This effect can be mitigated
by simultaneously changing the tail currents of both and

. The measured threshold voltage and settling time
is shown in Fig. 5(b) as a function of the tail current. In chip to
chip burst mode applications as described in [7], the threshold
voltage can be adapted to the channel using off line calibration.
The threshold settling time varies from 60 ps to 80 ps for
different threshold voltages which suggests that the maximum
achievable data rate is 13 Gb/s. However, the output settling time

is longer (120 ps) which would limit the achievable data rate
to 8 Gb/s. Existing techniques use cascode transistors and induc-
tive peaking to achieve 10 Gb/s [8]. These techniques cannot be
used in this application where area and power efficiency is crit-
ical. Thus, the hysteresis latch loses some of the signal’s high
frequency content while restoring the DC component of the re-
ceived signal. Fortunately, this high frequency content can be
recovered by adding a parallel linear path as shown in Fig. 6.

B. Linear Path

A linear path is added in parallel to the hysteresis latch using a
broadband amplifier which has the same circuit topology as the
hysteresis circuit. By swapping the feedback nodes, the feed-
back becomes negative instead of positive and improves the
bandwidth of the linear path [14]. The transfer function of this
amplifier is 2nd order, and the feedback gain is chosen
to provide a maximally flat frequency response as evidenced by
the measured frequency response of the preamp and linear am-
plifier shown in Fig. 7. Since the AC coupled channel response
is inherently high pass, the linear path can provide 14 dB of
boost at 8 GHz with respect to low frequency ( MHz) gain

Fig. 5. Threshold adjustment with � in the proposed hysteresis latch: (a) set-
tling time of the decision threshold and output voltage; (b) variation of threshold
voltage and settling time as a function of tail current.

(Fig. 7). In summary, the linear path provides better signal in-
tegrity at high frequency (e.g., alternating 1s and 0s) whereas the
nonlinear path provides better signal integrity at low frequency
(i.e., several consecutive 1s and 0s). By combining them we im-
prove overall signal integrity at both low and high frequency,
similar to equalization.
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Fig. 6. Dual path receiver architecture with linear amplifier and analog adder.

Fig. 7. Measured linear path response including and without the AC coupled
channel.

Fig. 8. Die photo of the dual path receiver in 90 nm CMOS.

C. Experimental Results

A prototype front-end is implemented in 90-nm CMOS and
the die photo is shown in Fig. 8. The benefit of the linear path
is shown in measurements at 10 Gb/s in Fig. 9. The linear path
bandwidth is set according to the data rate. The relative weight

Fig. 9. The effect of the linear path on a recovered 10 Gb/s eye diagram for
� � � data: (a) without linear path; (b) with linear path.

of the linear and nonlinear path in this prototype is set manu-
ally to maximize the eye opening. For verification of error free
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Fig. 10. Transmitted and recovered � � � sequence at 12 Gb/s with and without equalization captured by a pattern-locked oscilloscope. Arrows on the top
indicate errors in the unequalized pattern which are corrected by equalization with the linear path.

recovery, the transmitted sequence and recovered equalized se-
quence are captured in Fig. 10. Note the bits highlighted by the
arrows where the linear path restores bits that would otherwise
be missed by the hysteresis latch alone. The maximum achiev-
able data rate of 13 Gb/s is limited by the hysteresis settling time
which is 80 ps.

III. TIMING RECOVERY

NRZ signals have a spectral null at . To extract a clock
tone the NRZ signal is passed through a nonlinearity. The ex-
tracted clock tone may then be filtered out with a bandpass filter
for timing recovery. This method of clock recovery is known as
‘the nonlinear spectral line method’. Traditionally, an off-chip
high Q dielectric resonator is used as the bandpass filter to elim-
inate high-frequency (pattern-dependent) jitter in the extracted
tone [15].

AC coupled channels provide a distinct advantage for burst
mode clock recovery; the channel response itself filters high
frequency jitter [16]. Thus, the CDR jitter tracking bandwidth
can be extended to accommodate fast locking without a signifi-
cant jitter penalty. However, the relatively slow settling time of
the hysteresis latch output reintroduces some pattern-dependent
high-frequency jitter. Hence, to take advantage of the channel
response the hysteresis latch output should not be used for
timing recovery. Previous methods for clock recovery in AC
coupled links are shown in Fig. 11. Fortunately in this work,
the high-frequency content in the linear path, already being
used for equalization, can also be used for clock recovery, as
shown in Fig. 12. That signal is passed through a nonlinearity
and an integrated injection locked oscillator with moderate Q
is used in place of an off-chip bandpass filter.

Fig. 13(a) shows the general implementation of the non-
linear spectral line method. An analog multiplier provides
the required nonlinearity; three possible implementations are
shown in Fig. 13(b)–(d). The first method uses a delay element
and XOR gate [12], [10] [Fig. 13(b)]. To support 5–10 Gb/s
operation, this technique will require a broadband tunable delay
element to provide a delay of . In the second method,
the linear path output is rectified by multiplying it with the
recovered NRZ signal [Fig. 13(c)]. Finally, in the third method

Fig. 11. AC coupled pulse receivers: (a) as in [1]; (b) as in [8].

the output of the linear path is squared to extract the clock tone
[Fig. 13(d)]. To compare their performance we consider simu-
lated waveforms at and . Note that all three methods
generate a clock tone at 10 GHz, but their jitter performance
significantly varies as shown in the eye diagrams. To obtain
more insight, the jitter spectrum is plotted. The peak-to-peak
pattern-dependent jitter of the first and second methods are 12
ps and 14 ps respectively. Significant portions of the jitter are
due to ISI on , mostly introduced by the finite settling
time of the hysteresis latch. These ISI components appear as
periodic jitter at multiples of 0.5/(pattern length) resulting in
spurs on the plots of jitter spectrum in Fig. 14. Since the ILO
JTB is on the order of 100s of MHz, this jitter cannot be filtered.
The peak-to-peak jitter of the third method, employed in this
work, is 2.5 lower compared to other techniques because it
uses only the waveform which has less ISI.

The implemented squaring circuit is shown in Fig. 15. The
extracted clock amplitude sets the injection strength of the ILO.
Resistor is used to shift the common mode level making
it compatible with the injection inputs of the ILO. The extracted
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Fig. 12. Proposed dual path AC coupled pulse receiver with clock recovery using linear path.

Fig. 13. Clock recovery with nonlinear spectral line method: (a) general block diagram; (b) as in [10]; (c) as in [17]; (d) this work.

clock tone is captured on-die with an oscilloscope at 5-Gb/s and
shown in Fig. 16.

IV. CLOCK RECOVERY USING ILO

Injection locking is functionally equivalent to a large band-
width PLL, but can be implemented with smaller area and lower
power. Existing ILO based CDRs use T-FFs [12] and LC VCOs
[10], [17]. Alternatively, ring oscillators can be used for injec-
tion locking and will be compared to LC oscillators in this work.
The locking behavior of an ILO was studied in [18] for small
injection strengths. In the case of LC oscillators, this study was
extended for large injection strengths in [19]. In this work our
focus is to study the transient locking behavior for both small in-
jection and for large injection while keeping the VCO topology
general as in [20].

The general ILO model shown in Fig. 17 is adopted from
[21], [19]. The phasor diagram in Fig. 17 is taken with respect to
the injected frequency, . Let the ILO’s instantaneous oscil-
lation frequency be . Thus, the oscillator output phasor

rotates with an instantaneous angular frequency
. Let be the ILO free-running frequency (i.e., the fre-

quency at which it oscillates with no injection)and is the
inherent frequency difference, . The phasor
is the vector summation of and

where is the phase response of the

ILO. Finally, let be the amplitude of the injecting signal nor-
malized to that of the ILO output, . To study
the phase tracking of the ILO, we derive the transient phase
response of the VCO output starting at time with an
arbitrary phase difference . It is shown in the appendix that
this phase difference exponentially decreases to zero and can be
expressed as

(2)

For small injection strengths , time constant is

(3)

For large injection strengths, is

(4)

The constant A captures the VCO topology’s effect on .

(5)

For the parallel RLC resonant tank, it was shown in [18], [19]
that where is the quality factor of the tank
circuit. Similarly for ring oscillators it is shown in [20] that
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Fig. 14. Simulation results comparing different timing recovery schemes in
both time and frequency domain at 10 Gb/s.

. Here is the number of delay stages
in the ring.

Note that the single time constant response in (2) implies
a first order low pass transfer function. Thus, when the input
injecting clock is phase modulated at a modulation frequency

, the resulting output phase modulation is related to that
of the input by a stable first-order low-pass input jitter transfer
function

(6)

where is also known as the jitter tracking bandwidth
(JTB). Jitter tolerance can be obtained from the jitter
transfer function as described in [22, p. 330].

(7)

TABLE I
SUMMARY OF ILO BASED CDR PARAMETERS

The above 1st order expressions presume a high transition
density in the incoming data, such as can be provided by a line
code. When the injection signal is derived from random data, in
the absence of data transitions, the ILO drifts towards its nat-
ural frequency of oscillation and thus accumulates jitter. On the
arrival of the next transition, the VCO frequency and phase are
pulled back to the injected frequency and phase. In the presence
of L consecutive identical digits (CIDs) the effective injection
strength is reduced by a factor L, with an attendant shift in the
pole of .

(8)

This reduction in JTB due to CIDs has been verified experi-
mentally. ILO theory presented in this section is summarized
in Table I which can be applied to any VCO by deriving appro-
priate parameter .

V. CLOCK RECOVERY IMPLEMENTATION

A. LC Versus Ring ILO

The expressions in Table I show how the lock time, jitter
tracking and jitter tolerance can be traded off against each
other. If we consider the effective of a ring oscillator as

[23], we see that for a fixed reso-
nant frequency , the effective of a ring is proportional
to [23]. This explains why more stages in a ring
make it more frequency-stable and, like a high-Q LC oscil-
lator, make it slower to track phase steps in an injecting input
and give it lower JTB. In general, increasing the injection
strength , results in faster phase response, hence higher
jitter tracking bandwidth. Thus, to improve the lock time of
an injection-locked LC oscillator, one can either increase the
injection strength or reduce . Both approaches will result
in increased power consumption. Furthermore providing the
required tuning range to support 5–10 Gb/s operation is very
difficult using an LC oscillator.
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Fig. 15. Schematic of the Gilbert multiplier used for clock extraction.

Fig. 16. Recovered NRZ signal and corresponding extracted clock tone at
5 Gb/s.

Fig. 17. Injection locked oscillator model and corresponding phasor diagram.

Ring oscillators can provide a wider tuning range and faster
locking than their LC counterparts, but also have worse phase
noise and higher power consumption in the 5–10 GHz range.
Since the CDR will be designed with large JTB, a significant
portion of the oscillator phase noise can be filtered, but the
power consumption remains a problem. To help overcome this,
a half rate architecture is adopted where a 5 GHz oscillator is
injected with a 10 GHz recovered clock tone. Thus, the ILO
will work as an injection locked divider, which can be used
to directly demux the recovered NRZ data. The theory derived

above for ILOs injected near their fundamental frequency is still
applicable to half rate injection with one exception: the output
referred lock range is divided by two. A critical parameter for
the ring ILO is the number of stages . Increasing the number
of stages results in higher power consumption and longer lock
time. The performance of this ring oscillator based half rate
scheme is compared to LC ILO based full rate clock recovery
in Fig. 18. For the same injection strength, , a 5 GHz
4 stage ring ILO provides 2.5 faster locking compared to a
10 GHz LC ILO [Fig. 18(a)]. The phase noise of the
ILO is shaped by a first-order high-pass transfer function

(9)

If is the ILO phase noise and is the phase noise of the
injected clock, then the phase noise of the recovered clock can
be expressed as

(10)

Using transfer functions from (6) and (9), (10) can be written as

(11)

Equation (11) is validated by simulations in Fig. 18(b). The
phase noise of two different free-running ILOs (one ring and
one LC), , and of a much quieter injecting clock, ,
are obtained from transistor-level simulations. These are sub-
stituted into (11) to obtain the dashed line predictions of the
phase noise under injection locking in Fig. 18(b). Under the
same conditions, transistor level simulation results are plotted
with the solidlines in Fig. 18(b), matching very well with the
dashed line theory. Even with moderate injection strength, most
of this phase noise is filtered and the effect of the ILO’s inherent
phase noise on the recovered clock is insignificant except at very
high offset frequencies. Note that in the case of the ring ILO, at
low offset frequencies the phase noise of the recovered clock is
6 dB lower than the reference injection. This is because the ILO
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Fig. 18. Comparison of ILO performance for LC vs ring VCO. The LC VCO
is operating at 10 GHz, � � ���. The ring oscillator is operating at 5 GHz with
� � � stages: (a) lock time as a function of injection strength; (b) phase noise
of the free running VCO and corresponding recovered clock; (c) jitter tolerance
with a frequency offset, �� � �� � 	
 .

is dividing the injecting clock by 2. Finally, the ring oscillator
has a larger JTB and, hence, is more tolerant to jitter when in-
jection-locked to the received data [Fig. 18(c)].

B. ILO Design and Implementation

A 4 stage ring oscillator is designed with stage 1 and 3 used
for injection and stage 2 and 4 used to tune the free-running

oscillation frequency (Fig. 19). The differentially tunable delay
stage results in less amplitude variation over the 2 to 6 GHz
frequency range compared to single ended tuning. Transmitted
NRZ data, the extracted clock tone and the corresponding
locked clock phases are shown in Fig. 19. The stage ring
provides an in-phase clock (Phase 0 ) locked to the data edges
and a quadrature clock (Phase 90 ) to sample the centre of the
data eye. The halfrate receiver directly demultiplexes 10 Gb/s
NRZ data (Fig. 20).

C. ILO Non-Ideality

Although injection locking provides area and power effi-
ciency, it suffers from several limitations. Firstly, although the
oscillator output is phase locked to the equalizer output

by injection locking, the actual sampling phase suffers
additional delay through the clock buffers preceding the sam-
pling FFs. This additional delay mismatch causes a static phase
offset, , which is not corrected since
it is outside the phase tracking loop. As a result jitter tolerance
outside the tracking bandwidth is degraded:

(12)

Identical buffer stages were used in the clock and data paths
to try to match the delay through those paths. To compensate for
any remaining skew, the free-running VCO frequency is detuned
away from the injection frequency, .
Doing so does reduce the JTB, but as long as the delay mis-
match is kept less than 0.1 UI by careful layout, only a small
frequency offset is required and there will be negligible change
in the JTB. In this prototype, under a locked condition, the ILO
frequency was manually tuned to maximize timing margin. In
a practical implementation this can be automated as in, for ex-
ample, [24] with an on-die oscilloscope. This tuning can be per-
formed once during calibration and turned off during normal
operation to avoid any significant power and area overhead.

In a high density proximity coupled application, these ILOs
will be packed densely. Thus, coupling between the ILOs is a
major concern. In the case of a ring oscillator, coupling mainly
occurs through the supply and substrate network. Fortunately,
higher jitter tracking bandwidth provides better immunity to
supply noise. Moreover, the VCO delay cells are implemented
with current mode logic, providing good supply and substrate
noise immunity compared with static CMOS logic.

D. Simulation Techniques

To evaluate the ILO’s jitter transfer characteristics two tech-
niques are used. First, the jitter transfer function is generated
from the phase noise of the free running VCO and the phase
noise of the recovered clock. Using (6) the ILO jitter transfer
can be written as

(13)
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Fig. 19. Schematic of the ring oscillator based ILO and corresponding timing diagram.

Fig. 20. Block diagram of the demux.

Since for a ring oscillator, around the cutoff fre-
quency the output phase noise from (11) can be approximated
as

(14)

Combining (13) and (14), the jitter transfer function can be ex-
pressed in terms of the phase noise and :

(15)

Fig. 21. Normalized jitter transfer function for different injection strengths
with � � � stages, an oscillation frequency of 5 GHz and an injection fre-
quency of 10 GHz.

This method is used to estimate the jitter transfer of the ring ILO
in simulation for different injection strengths, and compared
with the theoretical results of Table I and to simulations where
the injected signal is sinusoidally phase modulated in Fig. 21.
Good agreement is observed.

For burst mode applications, the lock time is an important
specification which requires designers to simulate the CDR’s
response to phase step. The system’s step response can also be
used to estimate its jitter transfer characteristics. Estimates so
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Fig. 22. Transient phase response and corresponding jitter transfer function for different injection strengths with � � � stages, an oscillation frequency of 5 GHz
and an injection frequency of 10 GHz.

obtained are shown in Fig. 22 and are also in good agreement
with the developed theory (Fig. 21).

With a large JTB, it is possible to generate a relatively low
jitter clock from a low power (hence, noisy) ring oscillator. In-
creasing the injection strength results in faster locking, higher
JTB and better jitter tolerance, as illustrated in Figs. 21 and 22.

E. Experimental Results

For experimental verification, a complete receiver including
the equalizer, half rate clock recovery and demultiplexer is im-
plemented in 90-nm CMOS (Fig. 23). For testability, probe pads
(with a parasitic capacitance of 25 fF each) and buffers are in-
cluded at the output of the front-end, edge detector and VCO. An
AC coupled channel is emulated with on-die 80 fF coupling ca-
pacitors and 50 ohm termination resistors. Probe pads with 25 fF
capacitance are also included on either side of the coupling ca-
pacitors to characterize their frequency response. A schematic
of the emulated channel is shown in Fig. 23. Excluding the
probe pads and test structures, the active area of the receiver
is less than 0.3 mm . Experimental verification and optimiza-
tion of the front-end equalizer has already been documented in
Section II. The extracted clock tone output has also been shown
in Section III. This section will mainly focus on clock recovery
results.

The receiver was designed to support data rates from 5 to
10 Gb/s requiring the ILO to have a tuning range from 2.5 GHz
to 5 GHz. The ILO has a tuning range from 2 GHz to 6 GHz
as shown in Fig. 24(a), providing some margin for process and
temperature variations. The simulated and measured lock range
are shown over the ILO’s tuning range with different injection
strengths, , in Fig. 24(b). Note that the input injection fre-
quency is twice the oscillation frequency since the VCO is used
as injection locked divider. Theoretically, lock range increases
with injection strength and oscillation frequency, .
At higher frequencies, deviation from this trend is observed due
to un-accounted-for parasitics at the injection nodes. The re-
ceiver is tested with a 10 Gb/s external PRBS source at the input.
At 10 Gb/s, the input was provided single-endedly to avoid any
intra-pair skew in the test setup. To improve the single-ended
signal integrity, the common mode node is coupled to
ground with a 10 pF capacitance, but this would not be re-
quired in an application where differential inputs are always pro-
vided. The ILO’s free running and locked spectra are shown in

Fig. 23. Implemented complete receiver in 90 nm CMOS.

Fig. 25. The recovered clock and corresponding demuxed data
are shown in Fig. 26 and the corresponding jitter transfer func-
tion is shown in Fig. 27. To study jitter accumulation during con-
secutive identical digits, the phase noise for both an alternating
input data pattern (with at most 1 CID) and a PRBS input
data pattern (with at most 7 CIDs) are also plotted in Fig. 27.
Note that the measured jitter transfer function is in good agree-
ment with theory and simulation. However, the measured phase
noise of the free-running VCO and recovered clock was signif-
icantly higher compared to simulation due to supply noise not
accounted for in the theoretical model. For example, the simu-
lated recovered clock phase noise is better than dBc/Hz at
1 MHz offset (Fig. 18) whereas the measured results in Fig. 27
show dBc/Hz at 1 MHz offset. Similarly, the simulated
ring VCO phase noise is better than dBc/Hz at 30 MHz
offset (Fig. 18) compared to dBc/Hz at the same offset fre-
quency. A burst mode test pattern comprising 10 ns of no data
(consecutive 0s) followed by 5 ns of alternating data (1s and 0s)
is shown along with the ILO clock output captured on an oscil-
loscope in Fig. 28. The measured lock time is less than 1.5 ns,
which is as expected for the measured lock range of 900 MHz.
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Fig. 24. Measured tuning range and lock range of the implemented 5 GHz 4 stage ring ILO.

Fig. 25. Spectrum of the free running and recovered clock.

VI. CONCLUSION

The proposed clock recovery method is compared with previ-
ously reported burst mode receivers in Table II. Note that all AC
coupled receivers consume more power than their DC counter-
parts due to the additional circuitry required for NRZ signal re-
covery. The simple and inductorless implementation of the pro-
posed architecture results in a small area of 0.3 mm . Although
a low power, poor phase noise ring oscillator is used as an ILO,
the jitter of the recovered clock is still comparable to the existing
LC VCO based CDRs.

APPENDIX A
TRANSIENT PHASE RESPONSE

To derive the transient phase response of an ILO we define
a variable that captures the impact of oscillator topology on the
injection dynamics as in [20].

(16)

Fig. 26. Recovered clock and retimed demuxed data.

The analysis in [19] may then be generalized resulting in the
following the locking equation:

(17)

The locking equation can be solved for in two particular
cases: small and large injection strength.

1) Case I, Small Injection : In this particular case
the locking (16) can be simplified as follows:

(18)

To find the transient phase response we integrate both sides.
There are two possible solutions depending on the frequency
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TABLE II
COMPARISON OF STATE-OF-THE-ART BURST MODE CLOCK RECOVERY TECHNIQUE

Fig. 27. Normalized jitter transfer function and phase noise of the recovered clock.

Fig. 28. Experimental verification of lock time.

difference between the injected clock tone and free run-
ning ILO frequency. First, we will consider a frequency
offset small enough to keep the ILO within its lock range:

. In this case the integration yields:

(19)

where

(20)

To further simplify it, we assume that the frequency offset,
is much smaller than the lock range, i.e.,
. This assumption is valid when the CDR performs fre-

quency acquisition so that the ILO’s self-resonant frequency
is tuned very close to the incoming data rate. With that assump-
tion, the above equation is simplified to

(21)

Substituting and

(22)

where is the initial difference between the injected clock
phase and free running VCO phase. Substituting
gives the same transient expression derived in [19] for LC oscil-
lators.
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2) Case II, Large Injection : In this case the locking
(16) is simplified as

(23)

Similar to the previous case, the time domain phase variation
can be obtained by integrating with respect to time:

(24)

Within the lock range and for small frequency offset i.e.,
can be further simplified:

(25)

In summary, for both small injection and large injection, the
phase difference exponentially decreases to zero. For small in-
jection strength the time constant is a strong function of

, whereas for large injection the time constant is inde-
pendent of . In [19], this conclusion was derived
for LC oscillators whereas in this work we have generalized it
to any VCO topology by appropriately defining A.
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