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Abstract— We present a novel frequency tracking method
that exploits the dynamics of injection locking in a quadrature
ring oscillator to increase the effective locking range from
5% (7–7.4 GHz) to 90% (4–11 GHz). The quadrature phase error
between I and Q phases of an injection locked ring oscillator is
derived and shown to contain frequency error information, both
inside and outside the locking range. This error is utilized to form
a first-order frequency tracking quadrature locked loop (QLL).
This loop generates accurate clock phases for a 4-channel parallel
optical receiver using a forwarded clock at quarter-rate. The
QLL drives an ILO at each channel without any repeaters for
local quadrature clock generation. Each local ILO has deskew
capability for phase alignment. The receiver maintains a constant
energy-per-bit consumption across 16–32 Gb/s by adaptive body
biasing in a 28 nm FDSOI technology.

Index Terms— Energy proportional, injection-locked, locking
range, optical, quadrature, receiver, voltage controlled oscillator.

I. INTRODUCTION

THE rise in the aggregate bandwidth of microprocessors
has led to an insatiable demand for massively parallel

low-power links with high data-rates. This has imposed strin-
gent requirements on on-chip clock generation and distribu-
tion. Ring oscillator (RO) based injection-locked clocking has
been used in the past [1] to provide a low-power, low-area
and low-jitter solution. ROs are easily integrated in standard
CMOS process and have smaller on-chip area compared to LC
tank based oscillators making them suitable for dense parallel
links. Ring based injection-locked oscillators (ILO) can also be
used to generate quadrature phases from a reference clock [2]
without frequency division, which is desirable for half-rate
and quarter-rate CDR architectures. However, ILO inherently
has a small locking range [3] making it less suitable for
wideband applications; for example the transceivers embedded
in field-programmable gate arrays (FPGAs) [4]. In addition,
drift in free running frequency (fo) due to process, voltage
and temperature (PVT) variations may lead to poor jitter
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Fig. 1. Histogram of change in fo in a ring oscillator with process variation.

performance and locking failures [5]. Fig. 1 shows a simulated
histogram, accounting for the change in a five-stage ring
oscillator’s fo with process variation, in 28 nm technology.
The NMOS and PMOS devices in the inverters are sized as
1 μm/28 nm and 2 μm/28 nm respectively. The 3σ varia-
tion of 0.95GHz is observed around an oscillation frequency
of 10GHz. For robust performance the locking range should
be several times bigger than the variation in natural frequency
but maximum locking range in ring based ILOs without any
frequency tracking techniques, is only about 10% [6]. Adding
a PLL to an ILO provides frequency tracking. However,
PLL aided techniques have second-order characteristics that
can lead to jitter peaking [7]. A simple frequency-locked-
loop (FLL) is not sufficient to compensate for the drift as the
output of an injection-locked oscillator is always fixed at the
desired frequency, and FLL only comes to action after system
loses lock [5]. This is also true for envelope detection based
frequency tracking techniques, which activate after the ILO
loses lock [8], [9]. Replica delay cell based frequency tracking
technique can provide continuous frequency calibration [10].
However, they are prone to mismatch between the delay cells
in the ring oscillator and the replica.

Generating quadrature phases at low area and power over-
head from a reference clock is desirable for quarter-rate for-
warded clock architectures. Both ring and LC based dividers
have been frequently used for quadrature phase generation.
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However, because they operate at twice the desired frequency
they tend to be power inefficient. Quadrature phase genera-
tion through ring ILO’s without frequency division leads to
phase inaccuracies [6]. Previous works have tried to tackle
this problem with multiphase injection with RC-CR filters.
This results in significant additional power consumption in
the buffers driving the passive filter. Also, poly-phase filters
limit the locking range and only work with pure sinusoidal
signals [2].

We present a novel frequency tracking method that exploits
the dynamics of the injection locking process in a quadrature
ring oscillator to increase the effective locking range. We also
show that the resultant system still has first-order characteris-
tics, unlike an injection locked phase locked loop (IL PLL).
This quadrature locked loop (QLL) is used to generate accurate
clock phases for a 4-channel optical receiver using a forwarded
clock at quarter-rate. The QLL drives an ILO at each channel
without any repeaters for local quadrature clock generation.
Each local ILO has deskew capability for phase alignment. The
receiver maintains constant per-bit energy consumption across
wide data-rates (16 to 32 Gb/s) by adaptive body biasing (BB)
in a 28 nm FDSOI technology. Energy proportional optical
receiver achieves significant power savings by reducing power
consumption at lower data-rates or when idle. The proto-
type measurements indicate a record low-power consumption
of 153 fJ/b at 32 Gb/s.

This paper is organized as follows. Section II describes the
QLL system architecture. Mathematical analysis and system
stability is discussed in Section III. Section IV details an
energy proportional four channel quarter-rate optical receiver
with QLL based clocking. Hardware measurement results are
presented in Section V. Finally, Section VI summarizes the
work and presents the conclusions.

II. QLL ARCHITECTURE

When a ring oscillator with natural frequency fo is injected
with an external signal with frequency finj, the outputs of the
ring oscillator incur a phase mismatch error if fo is not equal
to finj [6]. We prove that the mean of this error, i.e., mean
quadrature phase error (MQPE), contains information about
the difference between the natural frequency of the oscillator
and injected frequency (i.e. |finj−fo|) in both locked and
unlocked states. A phase detector and a low-pass filter is used
to measure the MQPE. Their output is used in a negative
feedback configuration to set the natural frequency of the ring
oscillator there by nullifying the |finj−fo| and quadrature phase
error. This loop provides frequency tracking, thereby assuring
wideband injection. We call this technique a quadrature locked
loop, or QLL in short. [11] uses a similar frequency tracking
technique in an LC ILO based divider. However, it makes no
assertions about MQPE of the ILO, in the unlocked state.

In this section we derive an expression for the MQPE. To do
so we first quantify the phase error caused due to injection.
Fig. 2 shows a two-stage differential ring oscillator with a
natural frequency of fo; thus both delay stages have an inherent
delay of 1/4fo. One of the delay stages (A) is injected with a
signal at finj. Injection causes the delay of stage A to change
to 1/4fo + � and the oscillator oscillates at a frequency f

Fig. 2. Deriving the quadrature phase error expression in a two-stage ring
oscillator.

(not necessarily a constant) instead of fo. The delay of the
other stage (B) stays the same.

DelayI Q (t) = 1

4 fo
(1)

But as the frequency of oscillation is f, phase delay can be
expressed as

DelayI Q(phase) = 1

4 fo
× 2π f = π

2
× f

fo
(2)

Now from (2) we can calculate the instantaneous quadrature
error (∅qe(t)) as
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With this result (3) we can move ahead to calculating the
MQPE. We do so by separately analyzing the locked and
unlocked cases. In the locked state f(t)= finj (a constant),
hence

M Q P E = π

2
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)
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)
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Another work [12], derives an MQPE expression similar to
(4) for a four-stage ring ILO, in the locked state. To calculate
the variation of quadrature phase error in the unlocked state,
we need to calculate the variation of instantaneous frequency
of the ILO in the unlocked state. Similar to [7], we write the
instantaneous frequency (ω) of the ILO as ωinj + dθ /dt. Here
θ is the phase difference injected signal and the output of the
ILO. An expression for ω can be obtained by differentiating
the solution to the Adler’s equation [13] for an ILO with a
locking range ωL [7].

ω = ωin j + ω2
b

ωo − ωin j
× sec2

(ωbt
2

)
1+

(
ωL

ωo−ωin j
+ ωb

ωo−ωin j
tan

(ωbt
2

))2

(5)

ωb =
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(ωo − ωin j )
2 − ω2

L (6)

Equations (5) and (6) show that in the unlocked state the
instantaneous frequency (ω) beats with a frequency ωb. Thus,
as suggested by (3), the quadrature phase error also varies
beats with frequency ωb (Fig. 3). This periodicity allows us to
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Fig. 3. Quadrature error in unlocked case: (a) close to lock, (b) far from lock.

Fig. 4. (a) MQPE vs. fo for a fixed finj of 7 GHz; (b) effect of injection strength on MQPE.

calculate the MQPE in the unlocked state by integrating (3)
from 0 to 2π/ωb.

M Q P E = 1
2π
ωb

×
∫ 2π

ωb

0

π

2
×

(
ω

ωo
− 1

)
dt (7)

Substituting ω as ωinj + dθ /dt [7] in (7) and integrating we
get

MQPE = π
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ωin j

ωo
− 1 + ωb
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}]

(8)
θ varies by 2π over one period [7] thus we have

MQPE = π
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ωin j
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+ ωb
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]
= π

2
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finj

fo
+ fb
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− 1

]

(9)
Equations (4) and (9) form the cornerstones of the theory of
QLL. Fig. 4(a) shows the variation of MQPE with change
in fo for a fixed finj of 7 GHz and injection strength (k)
of 0.05. k is defined as the ratio of the injection current and
the oscillator current [6]. Fig. 4(a) has two distinct regions,

Fig. 5. Block diagram of the proposed system (QLL).

locked and unlocked. As expected, the MQPE is 0 for finj = fo.
In the locked state the MQPE increases (almost linearly) as
|finj−fo| increases. MQPE goes to zero asymptotically (never
reaching it) as |finj − fo| increases in the unlocked state.
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Fig. 6. Circuit architecture of QLL.

This suggests that the MQPE is a measure of the sign of
finj − fo in both locked and unlocked states. This in turn
implies that a quadrature phase error detector can be used
as a phase frequency detector (PFD) in an injection locking
environment. Hence the quadrature error can be indeed used
in a feedback system to set the natural frequency (fo) of the
oscillator such that fo = finj, thereby boosting the effective
locking range. An interesting feature of this technique is that
the MQPE itself can be controlled by changing the injection
strength (k). It can be shown by equating expressions for
MQPE in locked (4) and unlocked states (9) that the width
of the linear region in Fig. 4 is given by 2 × fL. Increasing
k increases the intrinsic locking range (fL) of the injection
locked oscillator [7], thereby widening the linear region. Thus
in Fig. 4(b), comparing k = 0.15 to k = 0.10, a greater MQPE
range is observed for k = 0.15. For instance, in Fig. 4(b) the
MQPE at fo of 6.4GHz is 3◦ for k = 0.15 and 1◦ for k = 0.1.
The MQPE for higher k will fall off more gradually to 0
as |finj−fo| increases in the unlocked region. So potentially
QLL’s effective locking range can be increased further, by
increasing the injection strength.

Fig. 5 shows the block diagram of the proposed system.
It consists of an injection locked two-stage differential ring
oscillator. Instantaneous quadrature error is measured by using
a phase detector (PD), which takes the I and Q phases of
the clock from an ILO as inputs. The error is averaged
using a charge pump and a loop filter, and fed back to the
oscillator’s Vctrl. The loop tracks the changes in the injected
frequency and natural frequency of the oscillator until their
difference |finj − fo| is minimized, assuring a wide locking
range. Fig. 6 shows the circuit diagram of the major sections of
the QLL. The reference clock can be injected both electrically
and optically. A trans-impedance amplifier (TIA) based optical

front-end is used in the latter case. The TIA consists of an
inverter with a resistor of value 4 k�, connected in feedback.
The bandwidth of the TIA is more than 10GHz. The TIA’s
output voltage amplitude (150 mV) is sufficient for the IL
architecture because of its high voltage gain [1]. The electrical
input is provided directly by an on-chip 50� transmission line.
An analog multiplexer is used to select between the electrical
and optical (from TIA) inputs. The selected input is fed to the
single to differential convertor. It consists of an NMOS with
symmetrical drain and source loads. The differential outputs
from the drain and source are 180◦ apart within an 11GHz
bandwidth. Outputs from the single to differential convertor
are ac coupled to the ILO injection ports. Each ILO consists
of a V/I converter and a two-stage, cross-coupled, pseudo
differential current-starved ring oscillator. A two-stage ring
oscillator architecture is chosen and its power consumption is
minimized at the cost of worse phase noise. The design relies
on the large jitter tracking bandwidth of the QLL to attenuate
the phase noise contribution of the noisy but low-power ring
oscillator. The bias circuit is designed such that current
starvation is achieved in both PMOS and NMOS in the invert-
ers of the ring oscillator for a 50% duty cycle. Current injec-
tion is achieved by NMOS differential pair without resistive
loads. Similar to [6], this helps in extenuating the interaction
with the DC bias at the injection point. A simple XOR-XNOR
based phase detector takes the I and Q phases of the clock from
the ILO as inputs. It generates Up and Dn signals containing
the instantaneous quadrature error information. The Up and
Dn signals are filtered by a passive low-pass RC filter to
attenuate the high frequency (2f) component. This helps in
suppressing the amplitude of the inputs to the next stage,
thereby preventing distortion. The values of RC are chosen
to be 1 K� and 25 fF respectively. The filtered Up and Dn
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Fig. 7. Transient locking characteristics of Simulink model of QLL for two different loop filters.

Fig. 8. Step response and transfer function of linearized QLL Simulink model for different loop bandwidths (small signal behavior).

signals are further averaged using a simple charge pump and a
loop filter consisting of a capacitor of value 1 pF. The charge
pump consists of an amplifier with an NMOS differential pair
and diode connected PMOS loads. The differential output
of the amplifiers is converted to a single ended output by

current mirroring. The body biases of the NMOS differential
pair in the charge pump is used for externally calibrating for
the current mismatch in the charge pump. The bandwidth of
the charge pump filter is digitally controllable, by altering the
load on the differential pair. The output of the charge pump
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Fig. 9. (a) Transient locking characteristics of QLL. (b) Ring oscillator characteristics.

Fig. 10. Locking transient for two different initial conditions.

and loop filter is fed back to the oscillator’s Vctrl, thereby
completing the loop.

III. QLL ANALYSIS

In this section we propose a mathematical model of our
system. We analyze the effect of the quadrature error cor-
recting loop on the injection locking dynamics and discuss
the dynamics of the overall system. We show that the overall
system can be designed to have a first-order behavior, and
bolster our claims with Simulink based behavior modelling
and measured results.

The dynamics of the QLL is similar to that of an ILO
except for the fact that the oscillator’s natural frequency
ωo is not fixed anymore. It continuously changes based on
the Vctrl (Fig. 5). Thus QLL dynamics can be described by
changing the fixed ωo in the Adler’s equation [13] with a
varying ωo, which is a sum of a fixed component ωvco and a
time varying component Kvco × Vctrl.

d(θ)

dt
= ωvco + KV C O Vctrl − ωin j − ωLsin (θ) (10)

As shown in Fig. 5, Vctrl is generated after low-pass filtering
the transient quadrature phase error (∅qe(t)). The low-pass
filter has a frequency response of H(ω) with bandwidth (ωfilter)
chosen such that ωfilter << ωL. Denoting h(t) as the impulse
response of filter H(ω), we get Vctrl = h(t) ∗ ∅qe(t). The
expression of ∅qe(t) can be further elaborated from (3) by
writing ω as ωinj + dθ /dt [7] and ωo as ωvco + Kvco × Vctrl.

∅qe(t) = π

2

(
ωin j + dθ

dt

ωvco + KV C O Vctrl
− 1

)
(11)

This can be simplified as follows relying on (10):

∅qe(t) = π

2

( −ωLsin (θ)

ωvco + KV C O Vctrl

)
(12)

The control voltage is then given by

Vctrl = h(t) ∗
(

π

2

( −ωLsin (θ)

ωvco + KV C O Vctrl

))
(13)

At equilibrium dθ /dt = 0 and ωvco + KVCOVctrl = ωinj.
Substituting these values in (10) we get that in equilibrium,
θ = 0. The highly non-linear nature of (10) and (13) make
it difficult to get a convenient closed form solution. However,
we can still gain some insight about how the loop behaves
with regard to input noise (θn) by linearizing (10) about the
equilibrium point (i.e. θ = 0). We replace θ with θ + θn, and
Vctrl with Vctrl+�Vctrl in (10). Here θn is a small perturbation
in θ and �Vctrl is the small perturbation in Vctrl in response
to θn (small signal assumption). Using the fact that under
equilibrium θ = 0 and ωvco + KVCOVctrl = ωinj we get

d(θn)

dt
≈ KV C O�Vctrl − ωLθn (14)

Following the same substitution for (13)

�V ctrl ≈ h(t) ∗
(

π

2

(−ωLθn

ωin j

))
(15)

Substituting the value of �Vctrl from (15) in (14)

d(θn)

dt
≈ KV C Oh(t) ∗

(
π

2

(−ωLθn

ωin j

))
− ωLθn (16)
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Fig. 11. QLL based clock distribution and deskewing architecture for a 4 channel optical receiver.

Fig. 12. Single channel quarter-rate receiver.

If θn varies faster than ωfilter then h(t) ∗ (π
2 (−ωLθn

ωin j
)) ≈ 0 and

from (16) we have
d(θn)

dt
= −ωLθn (17)

This is similar to a first-order PLL response with band-
width ωL, characteristic of an injection locked system [13].
If θn varies slower than ωfilter then h(t) ∗ (π

2 (−ωLθn
ωin j

)) ≈
π
2 (−ωLθn

ωin j
) and again from (16) we have

d(θn)

dt
= −

(
π

2
× KV C O

ωin j
+ 1

)
ωLθn (18)

This is also a first-order PLL response with a bandwidth higher
than ωL. The exact bandwidth is not important in this case
because the variation in θn is much slower than ωL. So overall

the system allows all the variations in the θn slower than ωL
to go through, and attenuates all variations faster than ωL
with −20 db/dec (first-order) slope. This is an important
conclusion. It essentially means that allowing the quadrature
error correction loop to run much slower than the injection
locking loop ensures that the system has a first-order response
with bandwidth the same as that of an ILO, i.e., ωL [14].

In order to investigate the stability of the system with greater
accuracy, a behavioral model was constructed in Simulink. The
model was initialized to set fo to 5 GHz and finj to 7 GHz.
The ILO’s inherent locking range (fL) was set to 175 MHz.
Fig. 7 shows the transient response of QLL Simulink model for
two different loop bandwidths. The first with loop bandwidth
of 100 kHz (� fL) and second with loop bandwidth of
20 MHz (comparable to fL). In both cases the system attains
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the same final locked state, i.e., θ = 2nπ and f = 7 GHz.
However, there are some important differences. In the first
case the transient has a first-order response with no overshoot
whereas the second case has significant ringing in its transient
response and is thus farther from stability.

To further analyze the stability of the QLL model, we lin-
earized the Simulink model around the equilibrium point. The
input of this state-space model was the phase of the reference
clock and the output was the phase of the QLL output. The
transfer function of this model is equivalent to jitter tracking
response of the reference to the output of the QLL. The
inherent locking range (fL) of the ILO was fixed to 175 MHz
and we simulated the linearized model for two different loop
bandwidths. The first with loop bandwidth of 100 kHz such
that it was << fL. A phase step was applied to the input of
the QLL model and a first-order response observed. There was
no overshoot in the step response and no peaking in the system
transfer function (Fig. 8) with −20 dB/dec decay. In the second
case we set the loop bandwidth to 20 MHz which is much
closer to ωL. We observed ringing in the step response and
system transfer function had some peaking and had a second-
order (−40 dB/dec) decay. The model suggests that in order
for the system to be stable the secondary loop needs to run
much slower than the bandwidth of the injection locking itself.
If the above condition is assured then the bandwidth of the
system is the bandwidth of the ILO (fL).

Fig. 9(a) shows the transient locking characteristics (fre-
quency and Vctrl) of the proposed QLL. For the simulation,
the injected frequency was fixed to 7 GHz and the initial
frequency of the oscillator was 7.7 GHz, such that system
was outside its locking range. The locking takes place in
three different stages. When the system is in the unlocked
state the loop brings the frequency of the oscillator close to
the injected frequency. When the frequency of the oscillator
comes within the injection locking range of the ILO, frequency
lock is achieved. However, the phase still keeps changing. The
loop changes the Vctrl of the oscillator until the quadrature
error is nullified, i.e., when fo = finj. This negative feedback
loop ensures that fo = finj and there is no phase error in
the outputs. Fig. 9(b) shows ring oscillator’s frequency vs.
control voltage characteristics. In the final locked state the Vctrl
settles to 0.61 mV such that the natural frequency of the ring
oscillator is equal to 7 GHz (Fig. 9(b)). Transient simulations
were repeated to show that the QLL has inherent frequency
detection in both directions as shown in Fig. 10. The injected
frequency was kept at 7 GHz and the initial frequency was
kept at 7.75 GHz (>7 GHz) in one case and at 6.65 GHz
(<7 GHz) in the other. The system locks, in both cases, to the
injected frequency. Difference in locking times is because of
the dependence of MQPE on fo (4).

IV. CLOCKING FOR AN ENERGY PROPORTIONAL

OPTICAL RECEIVER

The clocking structure is shown in Fig. 11. The optical
receiver has four optical data inputs and one forwarded clock
(electrical/optical) input. The optical clock is converted to an
electrical clock using a TIA. The electrical clock is then sent

Fig. 13. Level-shifter circuit used in adaptive body biasing.

to a global QLL circuit. The QLL generates four quadrature
phases. The four phases are distributed without any repeaters
and sent to local ring oscillators, which are placed near the
clocked optical receivers. The local ring oscillators are injec-
tion locked to the global clock and frequency of oscillation is
varied to control the phase of the local ring oscillator’s output
(deskew). The data receivers have a quarter-rate architecture
and hence require accurate quadrature phases. Symmetric
injection with four clock phases ensure that quadrature accu-
racy is maintained even with deskew. This is described in a
greater detail in the next section.

The optical receiver uses a photodiode to convert an incom-
ing optical signal to electrical current. If a simple resistor
is used to convert the current of a photodiode to a voltage,
for a target signal-to-noise ratio (SNR) and a given pho-
todiode capacitance, the input time constant (RC) severely
limits the bandwidth and data-rate of the receiver. In order to
increase the RC bandwidth while maintaining the same gain,
transimpedance amplifiers (TIAs) are commonly employed.
The overall bandwidth of conventional TIAs is chosen to
be (RC)−1. Such high-bandwidth TIAs are highly analog,
power hungry, and do not scale well with technology. A more
recent approach uses an integrating front-end and a resistor
termination with a time constant that is much larger than the
bit interval (RC � Tb) [15]. Dynamic offset modulation is
then used to provide a constant voltage at its input regardless
of the data sequence. The architecture of the receiver presented
in Fig. 12, shows the top-level architecture of the adaptive
receiver (single channel) with dynamic BB using Vctrl of the
QLL. The first stage of the receiver is a low-power TIA with
3 k� feedback resistor. The TIA’s output is sampled at the end
of two consecutive bits (Vn, Vn+1) and these samples are com-
pared to resolve each bit. The TIA provides isolation between
PD’s capacitor and sampling capacitors, which reduces charge-
sharing effect and enables use of ultra-low capacitance pho-
todetectors in scaled silicon photonic technologies. Besides,
for a given PD capacitance, S/H capacitors can be chosen to
be bigger (even comparable to PD’s capacitance) to relieve
KT/C noise. This had been an important bottleneck in double
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Fig. 14. (a) Symmetric injection architecture; (b) simulation based comparison of two phase and symmetric injection.

Fig. 15. Chip micrograph and layout details.

sampling optical receivers in the past [15], [16]. Sampling
capacitors are followed by an amplifier, which also provides
isolation between sampling nodes and sense-amp to minimize
kickback [17]. The dynamic offset modulation employed at
the output of the amplifier introduces an offset so that the
sense-amp differential input is always constant regardless of
the previous bit. The sense-amp is followed by an SR-latch
to retrieve the NRZ data. Similar to [18] and [19], dynamic
offset modulation provides a constant voltage at sense-amp’s
input regardless of the bit sequence. De-multiplexing factor of
four is achieved immediately after the TIA using quarter-rate
clocked samplers.

A. Adaptive Body Biasing

The optical receiver implementation shown in Fig. 12 has
analog building blocks with bias currents. These are biased
to provide the maximum bandwidth and gain for operation at

the highest data-rates, thus consuming maximum power. For
operation at lower data-rates a high bandwidth is not required.
However, since the bandwidth of the analog components do
not change with data-rates, power is ‘wasted’. This leads to
degradation of the power efficiency (the energy per-bit) of
the optical receiver at lower data-rates [15], [16], [17]. It is
advantageous to bias the circuits adaptively so as to reduce
the bias current (and hence power) of the analog components
at lower data-rates. This requires information about the data-
rate and a method to use this information to change the bias
currents of the analog components. The former is provided
by the QLL as it generates the Vctrl which is dependent on
the input clock frequency, hence the data-rate. The latter is
achieved by taking advantage of the FDSOI (fully depleted
silicon on insulator). In this process, the channel forms in
an ultra-thin (7 nm) layer of intrinsic silicon over a layer
of buried oxide (BOX). Given the extreme thinness of the
buried oxide layer (25 nm) and the conducting layer under
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Fig. 16. Phase noise and integrated jitter measurements for 8 GHz (electrical and optical) and 11 GHz (electrical).

Fig. 17. Measured phase noise of the locked QLL output across the entire
locking range.

the BOX, effect of body biasing (BB) is improved compared
with standard CMOS process. By connecting the transistor
bodies to a bias network in the circuit layout rather than to
power or supply, Vth of the transistors can be tuned by 80 mV
per 1 V modulation of VBB. This proves crucial in adaptively
body biasing the critical devices in the amplifier and the TIA.
The Vctrl generated by the QLL follows the ring oscillator’s
characteristics as shown in Fig. 9(b), i.e., as the reference
frequency increases the Vctrl decreases from 1 to 0. The body
bias generator, shown in Fig. 13, is a level shifter with an
input from Vctrl of QLL and two outputs connected to the

Fig. 18. (a) Measured jitter transfer function for 8 GHz reference;
(b) response to low frequency (10 MHz) and high frequency (1 GHz) jitter.

PMOS and NMOS of the TIA and an output connected to the
tail current of the amplifier block. These signals control the
gain-bandwidth of these analog blocks. The transfer function
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Fig. 19. QLL response to supply noise compared to unlocked (no reference) case.

of the body bias generator is designed such that the bandwidth
of TIA and Amplifier remains proportional to data-rate. This is
achieved by first recognizing that the frequency of forwarded
clock is proportional to data-rate and deriving the transfer
function from clock frequency to Vctrl of QLL. Next, the
VBB versus bandwidth of TIA and amplifier is characterized
separately and is used to create the transfer function of interest
which is Vctrl of QLL to VBB outputs. By lowering the
bandwidth of analog blocks at lower data-rates we lower their
energy consumption. Since the energy consumption of the
digital blocks is inherently proportional to date-rate, adaptive
body-biasing helps achieving energy-proportional operation in
the optical receiver.

B. Symmetric Injection and Deskew

Deskew in an ILO (locked at finj) can be performed by vary-
ing the natural frequency of oscillation (fo) of the oscillator.
The amount of deskew is given by [6]

deskew = sin−1
(

fo − finj

fl

)
(19)

where fl is the locking range of the ILO. If the input clock
is injected in only one of the delay stages, the asymmetry
between the effective delays of the delay stages leads to
quadrature phase mismatch between I and Q phases of the
oscillator. Combining (19) and (3) we get

Quad.Error = π

2

( − fl sin (deskew)

fl sin (deskew) + finj

)
(20)

Equation (20) suggests that as the deskew increases so does
the magnitude of the quadrature error. So as fo is varied to

invoke deskew, the I and Q phases of the ILO do not shift by
an equal amount. Inaccuracies in the quadrature phases may
lead to increased BER in the quarter-rate receiver.

The trade-off between deskew and quadrature error is bro-
ken by injecting all four phases of clock generated by the
QLL into both the delay elements of the ILO (Fig. 14(a)).
This symmetric injection of clock allows the variation of the
delay of both the delay elements by equal amount. Thus, even
when the fo of the ILO is varied, the inherent symmetry in
the delay elements allows the phase relationship between the
I and Q phases to be constant, resulting in no quadrature
error. This fact is exemplified in the simulation of ILOs with
two phases (clock and clock bar) and symmetric injection, as
shown in Fig. 14(b). The Vctrl of the two ILOs is varied to
change their fo. This leads to quadrature error in the former
cases whereas in the latter the phase relationship between the
I and Q phases remains 90◦. Fig 10 shows the structure of
the local ILO. It has the same two-stage pseudo differential
architecture as the ring oscillator used in the QLL (Fig. 6).
The Vctrl generated by the QLL is also distributed to the local
ILOs. This is used to set the natural frequency of the ILO (fo)
close to the injected frequency (finj). To invoke deskew, the
(fo) of the local ILO is varied externally (Fig. 11).

V. HARDWARE MEASUREMENT

The chip is fabricated in a 28 nm FDSOI CMOS process.
The die micrograph and core detail are presented in Fig. 15.
The core area is 300 μm × 60 μm. The top metal layers are
designed to be compatible with copper-pillar flip-chip bonding
as well as bond-wire. The clock output from the QLL is
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Fig. 20. Measured quadrature phase error vs. reference frequency and measured quadrature phase waveforms at 5, 8, and 11 GHz.

symmetrically distributed to all four local ILOs with a total
trace length 260 μm.

In our measurement setup, an external signal generator
(Anritsu N5181B) is used to provide the reference clock used
for injection. The reference power level was kept at −10 dBm.
The frequency of the reference clock was varied and output
waveforms were observed on an Agilent 86100D sampling
oscilloscope. To demonstrate the increase in locking range
we disable the loop and set the Vctrl of the ILO at VDD/2.
Without the quadrature phase error tracking, a locking range
of 7–7.4 GHz (5%) is observed at an injection strength (k)
of 0.05. With the loop activated the locking range improves
to 4–11 GHz (90%). The achieved locking range is limited
by the tuning range of the ring oscillator. In order to mea-
sure the response of the QLL to fast changes in frequency,
the frequency of the reference clock was changed in steps
of 2 GHz with each step having a time duration of 1ms
(equipment limited). The large bandwidth of the QLL allows
it to sustain 2 GHz frequency step changes in frequency
without losing lock. Fig. 16 shows the measured phase noise
of the output of the QLL in both locked and unlocked states
at 8 GHz. A 40dB improvement is observed at 1MHz offset,
between the locked and unlocked states. Integrated output
jitter (100 kHz–1 GHz) of 558 fs and 577 fs are measured
at 8 GHz for electrical and optical inputs respectively. At the
highest locking frequency (11 GHz) the integrated output jitter
is 642 fs. The first-order (−20 dB/dec) nature of QLL does
not allow it to suppress flicker noise (30 dB/dec) of the ring
oscillator effectively. This is why the QLL output cannot
track the reference phase noise exactly (Fig. 16) for frequency

Fig. 21. Test setup for optical receiver.

offsets less than the jitter tracking bandwidth (JTB). This
suppression can be improved by increasing the JTB further, by
increasing the injection strength. Fig. 17 shows the measured
phase noise (at 10 MHz offset) of the locked QLL across the
entire locking range. A phase noise variation of only 6 dB is
observed as the frequency is varied from 4 GHz to 11 GHz.
Thus, QLL maintains low phase noise performance across its
entire locking range.

Fig. 18(a) shows the measured jitter transfer function of
the system for a reference frequency of 8 GHz. It has a low-
pass characteristic with a JTB of 150 MHz and a −20 dB/dec
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Fig. 22. Measured eye diagram (a) and BER (b) with PRBS 15 optical data at 32 Gb/s.

Fig. 23. (a) BER vs. optical power (receiver sensitivity) at different data-rates; (b) optical sensitivity vs. data-rate.

attenuation, suggestive of a first-order system. High JTB helps
in retaining the low frequency jitter while eliminating high
frequency jitter as depicted in Fig. 18(b). It is important to
retain the low frequency jitter in forwarded clock receivers as
low frequency jitter is correlated with the data [20].

Ring oscillators are susceptible to power supply varia-
tions [21]. Power supply variations directly translate into phase
noise and jitter in the ring oscillators’ output as their oscillation
frequency is a strong function of VDD. Substrate noise also
directly affects the total oscillator jitter and is found to be
strongly correlated to supply variations [21]. High frequency
noise on the supply can be reduced adding bypass capaci-
tors. However, low frequency VDD noise is more difficult to
eliminate with bypass capacitors because of significant area
penalty. Injection locking helps in suppressing low frequency
VDD noise as shown in Fig. 19. VDD noise transfer has a high
pass transfer function with a bandwidth of 150MHz and a
−20 dB/dec attenuation. This is complementary to the jitter
transfer function measurement (Fig. 18(a)) and characteristic
of a first-order injection locked system. The measurement
is made by adding sinusoidal noise (10 MHz–1 GHz) on

Fig. 24. Measured deskewed waveform for 32 Gb/s data.

the VDD using a bias tee and then measuring the relative
frequency sidebands on the output in unlocked and locked
cases (Fig. 19).
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TABLE I

PERFORMANCE COMPARISON OF THE QLL

Quadrature phase accuracy between the phases of the QLL
outputs is confirmed by measuring their phase difference.
The quadrature output phases (I and Q) of the QLL are
selected using an on-chip digital multiplexer. Quadrature error
is measured in a two-step process. First, the ‘I’ phase is
selected and its phase difference with the input reference is
measured. Then the digital bit to the multiplexer is altered to
select the ‘Q’ phase and its phase difference with the input ref-
erence is measured. The difference between the two measured
values provides the quadrature phase error. This multiplexing
allows the I and Q phases to have the same signal paths and
hence a more accurate measurement is made. Fig. 20 shows
the measured quadrature accuracy across 4–11 GHz and the
corresponding 3σ error margins. The 3σ error margins are
obtained by measuring quadrature error across >100K periods
for the same test chip. Based on the absolute mismatch from
90◦ (Fig. 20) an average quadrature offset of 1.5◦ is observed
across 4–11 GHz.

The quadrature error of the QLL output is sensitive to
mismatch in XOR-XNOR detectors and charge pump (Fig. 6).
Non-minimum gate-length devices and symmetrical layout
techniques are used to minimize the mismatch. The mismatch
can be further reduced by using calibration loops. In our
test chip the measured mismatch due to the XOR gates
was negligible, but in a complete system implementation an
offset compensation technique might be necessary. A possible

solution involves offset control in the charge pump cir-
cuit (Fig. 6) via an external loop. We can first fix the
body bias of the charge pump NMOS differential pairs to
be 0.5 V each, and observe the quadrature mismatch [22]
of the locked QLL outputs. Then alter the body bias of
one of the NMOS devices until the quadrature error is
minimized.

The optical test setup is shown in Fig. 21. For optical testing,
the receiver is bonded to a photodiode with responsivity
of 0.9 A/W. The total capacitance at the input node was
estimated to be 120 fF. The optical beam from a 1550 nm
distributed feedback (DFB) laser is modulated by a high-
speed Mach-Zender modulator (MZM) and coupled to the
photodiode with a single-mode fiber. The optical fiber is placed
close to the photodiode aperture using a micro-positioner (butt
coupling). As the beam has a Gaussian profile, the gap between
the fiber tip and the photodetector causes optical intensity
loss. Combined optical loss due to the optical coupling and
optical connector is measured to be 2.8 dB. Quarter-rate clock
generated by the pattern generator was used as (electrical)
reference for the QLL. The functionality of the receiver is
validated using the PRBS-7, 9, 15 sequences generated by
the pattern generator. Each of the four channels are tested
separately. Fig. 22(a) shows the recovered quarter-rate data
eye diagram for 32 Gb/s optical data, for one of the channels.
Fig. 22(b) shows the bath curves for 32 Gb/s and 20 Gb/s.
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Fig. 25. (a) Power breakdown at 32 Gb/s; (b) energy efficiency per bit across different data-rates.

TABLE II

PERFORMANCE COMPARISON OF THE OPTICAL RECEIVER

These were obtained by externally varying the phase of
the reference clock to the QLL to cover 1 UI. Error free
(BER = 10−12) operation is shown for 0.16UI and 0.33UI
for 32 and 16 Gb/s respectively. The maximum achievable
data-rate (32 Gb/s) is limited by the maximum data-rate of
the external pseudo random bit sequence (PRBS) generator.
Fig. 23(a) shows the measured BER as the optical power is
varied for different data-rates. From this information we derive
the optical sensitivity as shown in Fig. 23(b). The receiver
achieves more than −12 dBm of sensitivity at 16 Gb/s, which
reduces to −10 dBm at 28 Gb/s and −8.8 dBm at 32 Gb/s.
Sensitivity degradation with increased data-rate is mainly due
to reduced bit interval and integration time.

The amount of phase shift allowed by the local ILO is
measured by varying the deskew (Fig. 11), at 8 GHz for
32 Gb/s operation. Agilent 86100D sampling oscilloscope is
used to record the ILO waveforms for different values of
the Vctrl. A total deskew range of 137◦ is measured (Fig. 24).
The optical receiver needs a maximum deskew range of 90◦
because of its quarter-rate architecture, so a measured deskew
range greater than 90◦ proves sufficient.

A low-power two-stage ring oscillator and simplicity of
injection locking ensures that the QLL circuit only consumes

2–2.8 mW for 4–11 GHz operation. As shown in Fig. 25(a),
the power consumption increases with operation frequency.
This is due to the digital nature of the ring oscillator. The
power efficiency (Fig. 25(a)) decreases as frequency increases
making it suitable for high-speed applications. The receiver’s
power breakdown and power efficiency (energy per-bit) are
shown in Fig. 25(b). Total power consumption per channel
at the highest data-rate (32 Gb/s) is 4.87 mW. The QLL and
local ILOs consume a third of the total power. To show the
efficacy of the adaptive body biasing scheme, two sets of
measurements are done with the adaptive VBB generator on
and off (Fig. 25(a)). When adaptive VBB generator is active,
the per-bit energy efficiency improves from 103 fJ/b at 32 Gb/s
to 94 fJ/b at 16 Gb/s. Without the body bias the per-bit energy
efficiency at 16 Gb/s is 160 fJ/b.

Table I compares the QLL with prior art. The QLL
based frequency tracking technique allows us to achieve the
best locking range and robust I/Q performance compared to
other works. The optical receiver is compared with prior art
in Table II. Low-power QLL based clocking and body biasing
helps achieve the best energy efficiency compared to the state-
of-the art. The receiver functionality is verified up to 32 Gb/s
of data-rate. Adaptive body biasing scheme enables total power
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consumption of less than 186 fJ/b in a wide range of data-rates.
The sensitivity of the receiver was measured to be −8.8 dBm
at 32 Gb/s.

VI. CONCLUSIONS

A new frequency tracking technique based on the
quadrature phase error cancellation in an injection
locked ring oscillator was introduced and analyzed. The
QLL technique improves the ILOs’ locking range from
5.5% (7–7.4 GHz) to 90% (4–11 GHz) without using a
phase frequency detector (PFD). The dynamics of the
system were derived and were shown to have first-order
characteristics. This guarantees stability without peaking,
unlike a second-order injection locked PLL. The QLL was
used to generate accurate quadrature clock phases, without
any frequency division, for a source-synchronous 4-channel
optical receiver using a forwarded clock at quarter-rate. The
receiver architecture features a double-sampling receiver
with dynamic offset modulation and low-bandwidth TIA.
The system was implemented in 28 nm FD SOI CMOS and
operates up to 32 Gb/s of data-rate. The unique properties of
the FD SOI technology were used in conjunction with the
QLL and optical receiver to implement adaptive body biasing.
This technique is essential in realizing an energy proportional
optical receiver that maintains a constant energy-per-bit
consumption at different data-rates.
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