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Abstract—This paper describes an avalanche photodetector 
(APD) based burst-mode optical receiver in 28nm CMOS with 1-
tap feed forward equalization (FFE) and 2-tap decision feedback 
equalization (DFE) implemented in current-integrating fashion to 
improve the sensitivity. Integrating DC comparator and 
integrating amplitude comparator are proposed to replace the 
conventional RC low-pass filters and peak detectors, respectively, 
to reduce the reconfiguration time for burst-mode operation. The 
receiver achieves -16dBm sensitivity, 2.24ns reconfiguration time 
with 5dB dynamic range, and 1.37 pJ/bit energy efficiency at 
25Gb/s. 

Keywords—avalanche photodetector (APD); burst-mode; 
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I. INTRODUCTION 

Significant improvement in energy efficiency of optical 
links can be achieved with the availability of high-sensitivity 
receivers, since the laser diode consumes a major portion of total 
link power. The Friis’ formula for noise figure [1] suggests that 
a high-gain stage at the front-end is favorable in suppressing the 
noise contribution from succeeding stages to the overall signal-
to-noise ratio (SNR). APD provides gain that increases the 
photocurrent by a multiplication factor of M as the first stage of 
the receiver, and the recent advancements in gain-bandwidth 
product of APD make it suitable for high-speed data 
communication. However, the shot noise of APD is enhanced 
by the excess noise factor F which in general increases with M, 
and compared to a p-i-n photodiode with similar bandwidth, the 
APD commonly presents a larger device capacitance leading to 
a dominant pole at the input. In this work, the sensitivity of a 
high-speed APD-based optical receiver is optimized by selecting 
the optimum value of multiplication factor and applying 
equalization techniques to address the speed limitations of the 
APD. In a rapidly reconfigurable optical networks, a different 
burst can present distinct DC and amplitude characteristics, and 
a burst-mode receiver capable of adapting itself to the variability 
is required. RC low-pass filters and peak detectors are 
conventionally applied to extract the DC and amplitude 
information, while the settling time constraints preclude 
additional advantages in latency and bandwidth by further 
reducing the reconfiguration time [2]. In this work, we 
demonstrate the utilization of an APD along with equalization 
techniques ameliorate the receiver sensitivity; we also propose 
integrating DC comparator and integrating amplitude 
comparator, which enable fast acquisition of the DC bias point 
and rapid signal amplitude control, for the burst-mode operation. 
In the following sections we present design and measurement 
results for a 25 Gb/s optical receiver with -16dBm sensitivity, 

2.24ns reconfiguration time, 5dB dynamic range, and 1.37pJ/b 
efficiency. 

II. APD-BASED RECEIVER ARCHITECTURE  

The architecture of the receiver is shown in Fig. 1. The 
analog-front-end (AFE) converts single-ended photocurrent 
inputs into differential voltage outputs, consisting of a variable 
current source (VCS) to subtract the DC component of the 
photocurrent, a 3-stage transimpedance amplifier (TIA), a 
single-ended to differential amplifier, two-stage variable gain 
amplifier (VGA), and a transconductance-C (gm-C) low-pass 
filter in a negative feedback loop for residual offset cancellation 
and preventing baseline wander. The output of AFE is 
deserialized (1:4) by a bank of four sample and hold switches 
clocked by four quarter-rate clock phases (CK0, CK90, CK180, 
CK270). Followed by a dedicated set of equalizer and slicer, 
each deserialized voltage sample is recovered to digital logic 
level. The VCS is digitally controlled by 8 bits (b0:b7), while 
the gain of the two-stage VGA is digitally controlled by 5 bits 
(b8:b12). When a new burst arrives with a “1010…” preamble 
pattern, an on-chip searching logic is enabled to sequentially 
determine the optimum setting of (b0:b12) targeting two goals. 
The first is to eliminate the DC offset and retain the DC bias 
point at the same time by matching the current from VCS with 
the DC component of the photocurrent. The second is to 
maintain the signal amplitude by adjusting the gain of VGA, 
such that a linear signal path is maintained and the settings of 
the equalizer coefficients do not need to be updated with 
different bursts (input power levels). 

III. EQUALIZER DESIGN 

The equalizer performs 1-tap feed forward equalization 
(FFE) and 2-tap decision feedback equalization (DFE) in 
current-integrating fashion, and the schematic of the summer, 
embedded in the 2-stage regenerative slicer, is shown in Fig. 2. 
The double sampling technique reported in [3], as one form of 

Fig. 1.  Architecture of the APD-based optical receiver with burst-mode 
reconfiguration logic. 



implementing 1-tap FFE, is effective in equalizing a channel that 
well resembles a first-order RC low-pass system, and is energy 
efficient compared with an infinite impulse response DFE 
(DFE-IIR) by virtue of the dispensability of the output 
multiplexer after deserialization. Increasing the value of the 
shunt-feedback resistor used in the TIA benefits in higher gain 
and lower noise at the receiver front-end at the expense of 
eventually pushing the dominant pole toward low frequency, 
particularly with the presence of the capacitance from APD and 
wire-bond pad. When the frequency of the dominant pole is 
significantly smaller than the data rate, the long-tail post-cursor 
inter-symbol interference (ISI) is induced in the pulse response 
In this design, the dominant pole is at 4GHz, and the double 
sampling technique is applied to remove the long-tail post-
cursor ISI. The residual first and second post-cursor ISI are 
cancelled by the 2-tap DFE in order to further improve the 
sensitivity. Similar to the direct feedbacks used in [4], the loop-
unrolling DFEs are not required by exploiting the overlaps of the 
evaluation phases of the two adjacent slicers. 

IV. BURST-MODE RECONFIGURATION 

The block diagram of the two reconfiguration loops for 
burst-mode operation is shown in Fig. 3. During the preamble 
phase, the reconfiguration is started with an external pulse signal 
(PUL_IN), and ends in 14 reconfiguration clock (RCK) cycles, 
with each cycle dedicated to the sequential decision of one bit of 
digital setting (b0, b1, b2, …b12), and one additional cycle 
inserted between b7 and b8. The inserted cycle allows reliable 
completion of offset cancellation before the search for the gain 
setting, since the gm-C low-pass filter in a negative feedback 
loop is enabled to cancel the residual offset at the completion of 
setting b7. The on-chip search engine applies successive 
approximation register (SAR) logic for both loops. Based on the 
information obtained by the proposed integrating DC 
comparator or integrating amplitude comparator, depending on 
which reconfiguration loop is on duty, the slicer resolves the 
digital setting at the end of each reconfiguration clock cycle for 
the corresponding bit, and the VCS or the VGA is adjusted 
accordingly. The following subsections describe the key 
building blocks which empower the acceleration of the burst-
mode reconfiguration. 

A. Pulse-Triggered State Machine 

The pulse-triggered state machine is designed such that each 
bit of the digital setting (b0:b12) does not react to the slicer in 
the reconfiguration loop until the corresponding pulse arrives. In 
addition, an enable/disable logic is implemented, providing 
options to use predefined setting or the setting determined by the 
reconfiguration loops. The block diagram of the pulse-triggered 
state machine is shown in Fig. 4. Setting REN to logical low 
disables the reconfiguration loops, and the predefined digital 
setting will be used throughout. Setting REN to logical high 
enables the reconfiguration loops, and the pulses spaced with 
one reconfiguration clock cycle allow the predefined values of 
the digital setting to be overwritten one after another. For 
instance, with REN set to high, b0 keeps its predefined value 
when its corresponding digital control signal, PUL0, is initially 
low. While PUL0 rises to high, b0 starts to take in the output of 
the slicer. Before PUL0 goes back to low, the regenerative slicer 
settles and overwrites the original predefined value of b0. The 

value written by the slicer is held afterwards, unless the 
predefined value is reloaded by setting REN to low. By design, 
the rising edges of the pulses are aligned with those of the 
reconfiguration clock, and an on-chip digitally controlled delay 
line is included to compensate the misalignment induced by the 
process variations. 

B. Integrating DC Comparator 

Conventional first-order RC low-pass filters are commonly 
applied to extract the DC information. As shown in Fig. 5(a), the 
slicer compares the low-pass filtered voltage levels and the 
polarity of its differential output is taken by the reconfiguration 
logic as one-bit digital setting of the VCS. The settling time of 
the RC low-pass filter presents a bottleneck in speeding up the 
reconfiguration loop, since the unsettled voltage levels do not 
accurately reflect the effect of the last adjustment of VCS, and      
therefore comparing the unsettled voltage levels can lead to 
nonoptimal settings of the VCS at the end of the reconfiguration 
process. The integrating DC comparator, shown in Fig. 5(b), is 
proposed to replace the RC low-pass filter. The PMOS pair 
charge the outputs to the supply voltage when the 
reconfiguration clock (RCK) is low, setting the differential 
output voltage approximately zero. When the RCK becomes 
high, the integration of the respective input voltage is effectively 

Fig. 3.  Block diagram of the burst-mode reconfiguration loops. 
  

 
Fig. 4.  Block diagram of the pulse-triggered state machine. 

Fig. 2.  Schematic of the equalizer performing double-sampling and 2-tap 
decision feedback equalization (DFE). 



performed as the summation of the discharging current; i.e., the 
voltage drop at the output. Since the input waveform is 
programmed to have “1010…” preamble pattern, the voltage 
drop at the output contains the information of the input DC level. 
With the integration period (half of the RCK period) set to even 
numbers of UI and proper common-mode design, the alignment 
of RCK to the preamble data stream is unnecessary, and at the 
end of  the integration period, the polarity of the differential 
output voltage indicates which input has higher DC level. The 
slicer following the integrating DC comparator further amplifies 
the differential output voltage to digital levels, implying that it 
is the polarity of the differential output that the searching 
algorithm requires when determining either to increase or 
decrease the current of VCS. The proposed integrating DC 
comparator eliminates the RC settling time constraint and the 
minimum integration period can be set to be 2 UI by integrating 
a pair of 1 and 0. The offset from the integrating DC comparator 
itself can be calibrated by adjusting the gate voltages of the 
cascoding transistors (VOSP and VOSN) with the voltage digital-
to-analog converters (VDACs).  

C. Integrating Amplitude Comparator 

An automatic gain control (AGC) loop needs the information 
of amplitude for the purpose of adjusting the gain through the 
signal path. This is conventionally done by using peak detectors; 
e.g. [5], to measure the value or the level-shifted value of the 
peak amplitude. Similar to a first-order RC low-pass filter, the 
inevitable tradeoff between tracking time and settling behavior 
can limit the reconfiguration speed, as the direction of the next 
gain adjustment may not be correctly resolved if the peak 
detectors are not settled. In this work, we propose the integrating 
amplitude comparator to replace peak detectors in the AGC loop. 
Fig. 6(a) shows the principle of operation and the circuit 
implementation. With the same clock signal (RCK) used in the 
integrating DC comparator, the outputs are reset to the supply 
voltage when RCK is low, and the differential output voltage is 
reset to approximately zero prior to the rise of RCK. During the 
integration phase; i.e., when RCK is high, VOP and VON are both 
being discharged, and the differential amplitude of the preamble 
signals connected to the gates, VIP and VIN, is reflected on the 
differential output voltage between VOP and VON at the end of 
the integration phase. In Fig. 6(a), provided that the mismatches 
introduced by the process variations are negligible or calibrated, 
I1 = I2 = I3 = I4 when VIP = VIN by symmetry. As a consequence, 
the zero differential input voltage leads to the zero differential 
output voltage. By contrast, in the case that the differential input 
amplitude is large, I1 conducts most of the tail bias current 
during the half preamble period (1UI) when VIP > VIN, while I3 
conducts most of the tail bias current during the other half 
preamble period when VIP < VIN. As both I1 and I3 discharge the 
same node VON, a relatively large differential output voltage 
after the integration over one full preamble period (2UI) is 
expected, due to the significantly more voltage drop at VON. The 
biasing and the sizes of the differential pairs are further 
optimized such that the value of (VOP – VON) at the end of the 
integration phase increases with the differential amplitude of the 
input, regardless of the timing alignment between the input 
preamble waveform and the RCK. As shown in Fig. 6(b), a 
replica stage is connected to the outputs with opposite polarity, 
converting the differential amplitude of its input into the value 
of (VON – VOP) instead, at the end of the integration phase. 

Therefore, one stage will compete with the other during the 
integration phase in deciding the sign of (VOP – VON), and the 
result directly indicates which stage sees the input signal with 
larger differential amplitude, given that the common mode 
voltages of the inputs are identical and the offsets are negligible. 
By comparing the preamble waveform from the AFE outputs 
with a reference preamble waveform whose amplitude can be 
adjusted but is fixed during the reconfiguration process, the 
proposed integrating amplitude comparator removes the need 
for peak detectors, offering faster updates to the VGA gain 
setting. Fig. 7 shows a typical simulation result verifying the fast 
DC offset cancellation and signal amplitude control by the burst-
mode reconfiguration. 

V. MESUREMENT RESULTS 

The chip is fabricated in 28nm CMOS technology. Fig. 10(a) 
shows the die micrograph of the core circuitry. The receiver chip 
is wire-bonded to an APD die whose responsivity at 1310-nm is 
adjustable via the reverse-bias voltage. A continuous wave laser 
is modulated by a high-speed Mach-Zehnder modulator with 
PRBS-7 data pattern and coupled to the APD through a single-
mode fiber. The bathtub curve measured with -16dBm OMA at 
25Gb/s is shown in Fig. 8. Fig. 9 shows that the same setting of 
the equalizer can be used within the input range from -16dBm 
to -11 dBm, and the adaptation is more accurate with 1/8 data-
rate reconfiguration clock compared to quarter-rate 
reconfiguration clock. Finally, the power consumption and the 
breakdown at 25Gb/s are shown in Fig. 10(b). 

Fig. 5.  (a) RC low-pass filter based DC comparator. (b) Proposed integrating 
DC comparator 
  

 

 
Fig. 6.  (a) Building block of the proposed integrating amplitude comparator. 
(b) Proposed integrating amplitude comparator. 
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TABLE I.  PERFORMANCE SUMMARY AND COMPARISON 

*Including clock and data recovery circuitry. **The 12.5ns is fully dedicated to cancelling the DC 
component. *** Calculated with 6dB optical coupling loss. 

VI. CONCLUSION 

The APD-based optical receiver applies current-integrating 
equalizations, and achieves -16dBm (OMA) sensitivity at 25 
Gb/s with 1.37 pJ/bit efficiency. The proposed integrating DC 
comparator and integrating amplitude comparator significantly 
relax the settling time constraints, enabling 2.24ns 
reconfiguration time at 25Gb/s. Table I. summarizes the 
performance and comparisons with the state-of-the-art. 
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Fig. 9.  BER measurement with fixed equalizer setting after burst-mode 
reconfiguration. 

 
 
Fig. 10(a).  Micrograph of the core circuitry, including the pad wire-bonded to 
the APD (APDIN), analog front-end (AFE), quarter-rate equalizer (EQ),
integrating DC comparator (Int. DC Comp.), integrating amplitude comparator
(Int. Amp. Comp.). (b) Power consumption breakdown of the receiver data-
path at 25Gb/s. 
 

 
Fig. 8.  Bathtub curve measured with -16dBm OMA at 25 Gb/s.  

Fig. 7.  Simulated AFE outputs in burst-mode reconfiguration.  
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