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Abstract— Avalanche photodetectors (APDs) improve the sen-
sitivity of optoelectronic (O/E) receivers (RXs) due to their
high multiplication gain and responsivity. When implemented
monolithically with a CMOS transimpedance amplifier (TIA)
on the same chip, they provide further advantages, such as
low cost and reduced parasitics. However, APDs require high
bias voltages, are sensitive to variations in operating conditions,
and have a limited gain-bandwidth product. This paper presents
an 850 nm APD implemented in a standard 0.13-um CMOS
process with a responsivity of 3.92 A/W and a large-signal —3 dB
bandwidth of 3.5 GHz. Advantages of on-chip integration with a
TIA are described and a noise-canceling active balun following
the single-ended TIA is presented. The O/E-RXs front-end
achieves a measured sensitivity of —18.8 dBm, the best-reported
among 10 Gb/s linear CMOS TIAs operating at 850 nm. The
energy/bit is 0.57 pJ/b. An on-chip voltage booster is described
and implemented to generate a large APD bias using nominal
CMOS voltage supplies. A modified hill-climbing algorithm is
also presented that can enable bias stabilization for the voltage
booster and the optoelectronic front-end for a complete all-bulk-
CMOS implementation.

Index Terms— Active balun, silicon avalanche photodetector,
slope detection, transimpedance amplifiers, tuning and stabiliza-
tion, voltage booster.

I. INTRODUCTION

ITH the rapid growth of datacenters, there is a sig-
Wniﬁcant demand to leverage the high volume manu-
facturing capabilities of the silicon industry and reduce the
overall hardware cost of the optical interconnects connecting
different servers and switches. With the optoelectronic trans-
ceiver market poised towards a significant annual growth, it is
imperative to reduce the bill of materials and lower the cost
of the transceivers. As most of these transceivers utilize an
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off-chip photodetector (PD) a fully-monolithic implementation
of the PD will reduce the cost for both the component and
the associated packaging. From the link perspective, there are
also requirements to increase the data rate from 10 Gb/s to
25 Gb/s and higher, and reduce the overall power consumption.
A single-chip optoelectronic (O/E) receiver (RX) with a mono-
lithic PD and the associated CMOS circuits can significantly
reduce the parasitics and ease the overall O/E-RX design.
Beyond the transceiver market, a fully-integrated O/E-RX
is also desirable for other applications in high-performance
computing and sensors [1].

A significant majority of the optical interconnects in the
existing datacenters today span a distance of less than
300 m, and operate at 850 nm with multi-mode fibers
(MMFs), vertical-cavity surface emitting lasers (VCSELSs) and
PDs [2]. The goal of this paper is to propose a fully-
integrated, single-chip CMOS O/E-RX incorporating a CMOS
avalanche PD (APD) for 850 nm applications. Section II of the
paper describes the motivation behind a CMOS APD O/E-RX
design. The benefits of using on-chip PDs in comparison to
off-chip PDs are presented, and the advantages and challenges
of using APDs are discussed. A noise-canceling active balun
is described to generate differential swings out of the single-
ended transimpedance amplifier (TIA). Measurement results
of a proof-of-concept prototype 0.13-um CMOS O/E RX
front-end (RXFE) operating at 10 Gb/s with —18.8 dBm
sensitivity are presented in Section III. As APDs require
large bias voltage, an on-chip voltage booster circuit using
nominal CMOS voltage supplies and its measurement results
are presented in Section IV. Section V proposes a complete
APD O/E-RX system with bias stabilization loop. Finally,
Section VI draws the main conclusions of this work.

II. INTEGRATING APDs WITH CMOS RXs

A. APD Responsivity and Link Budget

PDs convert the light into an electrical current, and there-
fore are used at the front-end of every O/E-RX, as shown
in Fig. 1(a). PD responsivity, R, defined as the ratio of the
output current /pp to the input optical power Pj,, is a measure
of its gain. The responsivity of the PD is given as [3]:

_Iep 7
Py, he/
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Fig. 1. (a) External PD or APD with a CMOS electronic RXFE, (b) fully-
integrated O/E-RXFE with APD in a modified CMOS process and external
biasing, and (c) fully-integrated APD O/E-RX in standard CMOS process
with bias generation and stabilization.

where, 7 is the quantum efficiency of the PD, 1 is the
wavelength of the incident light, & is the Planck’s constant
and c¢ is the velocity of the light. The relation between
the optical sensitivity, P,p—sen, 0f the O/E-RXFE and the
electrical sensitivity, i/, of the electronic RXFE can be
shown as [3]:

;PP

l
Popfsen = % 2)

Higher responsivity of the PD therefore significantly
improves the O/E-RXFE optical sensitivity. Traditionally,
external PDs implemented in III-V technologies offer R of
up to 1 A/W.

One approach to boost the responsivity is to leverage the
avalanche effect [4] and design an APD. In an APD, the
photoelectric effect first converts the incident photons into
electrons, similar to regular PDs. Then, by applying a high
reverse bias voltage, these electrons are accelerated to create
impact ionization and generate many more carriers. This
“avalanche” effect further increases the current gain, boosting
the effective responsivity, R.rs, of the APD by a multiplication
factor, M.

Iapp = MIpp = MRP;y (3)
Repp = MR = 2 @)
ol 2P0p7sen

The multiplication gain of the APD has a huge impact on
the overall link budget. Consider a typical VCSEL and MMF
link in a datacenter. The link budget of such a link can be
described by the following equation [5]:

Prx = Prx —2Pymr—-cprL — PumF—an — Pumr—dis
PP

Lsen
e — 5
2MR )

where, Pry represents the optical power output of the VCSEL
when directly modulated by the CMOS driver, Pyyr—cpL
represents the coupling loss of the optical signal into and out of
the MMF, Pysyrr—arr and Pagprp—ais represent the attenuation
and dispersion losses, respectively, P,., includes the link
penalty due to crosstalk, ISI and relative intensity noise,
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Fig. 2. Impact of APD effective responsivity, R.fs, on the VCSEL power
consumption.

and Pryx represents the received optical power at the PD [5].
Assuming a 300 m length of OM4 MMF with 3.5 dB/km of
PymF—art, Pumr—cpr of 1.1 dB each, Pyyp—gisp of 5 dB,
Ppen of 4.8 dB, a margin of 3 dB, and RX electrical sensi-
tivities of —15 dBm and —10 dBm at 10 Gb/s and 25 Gb/s,
respectively, the VCSEL wall-plug power required for different
values of MR are shown in Fig. 2. A wall-plug efficiency
of 17% for the VCSEL and a baseline R of 0.02 A/W is
assumed for the APD. Clearly, use of APDs, and improving
M for the APDs can significantly reduce the overall power
consumption of the link. Conversely, for the same laser power,
the design of the O/E-RXFE can be considerably relaxed.

B. On-Chip PD vs. Off-Chip PD

Traditionally, PDs are implemented in a separate process
compared to the CMOS electronic RX to increase the PD
performance, namely, —3 dB bandwidth (BW) of its fre-
quency response, and responsivity. PDs are generally made
in expensive technologies such as Ge [6], GaAs [7], [8]
or InP-InGaAs [9] to enhance their performance. However,
connecting the external PD to a CMOS electronic RXFE
(Fig. 1(a)) using wirebonding assembly results in several
issues: increase in manufacturing and packaging cost, possible
decrease in yield, crosstalk between the bondwires degrading
RXFE performance especially when implemented as arrays
of PDs connecting multiple RXFEs, requirement for ESD
devices, additional packaging parasitics degrading the sen-
sitivity of the RXFE, etc. A flip-chip package reduces, but
does not eliminate, parasitics and crosstalk. Consider the
system shown in Fig. 1(a) where an external PD (or APD)
is followed by a TIA used as the gain stage to convert the PD
current, /pp, to voltages that can be further amplified by the
main amplifiers (MAs). Considering an inverter-based TIA,
the input BW of the TIA, BW;,, is given by [5]:

1
BW;, =

(6)

R
2z CT ( 1+(gmn+gm;.))(rdsn llrasp) )

where, Ry is the feedback resistor, gy, (gmp) is the transcon-
ductance and 745, (rasp) is the output impedance of the
NMOS (PMOS) transistor of the inverter, and C7 is the
total input capacitance at the TIA input, Cr = Cpp +
Cesp +2Cpap + Cri4,in- BWiy is therefore inversely pro-
portional to C7, and additional capacitance from the pads and
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Fig. 3. A survey of -3 dB bandwidth of APD vs. its reverse bias voltage.
ESD significantly limit the maximum achievable data rate.
For example, in 0.13-um CMOS process, typical values of
Cria,in = 100 fF, 2Cpap = 160 fF, Cgsp = 200 fF,
and Cpp = 100 fF imply that the pads and ESD constitute
about 72% of total input capacitance.

To overcome the aforementioned problems with a dis-
crete PD, a fully monolithic CMOS PD can be implemented
by using additional modifications to the CMOS process [10]
(Fig. 1(b)). However, adding Ge to CMOS process to improve
the PD performance increases manufacturing cost and com-
plexity of fabrication, and is detrimental to the performance
of CMOS transistors [11]. A Ge-based APD has high optical
absorption only in 1.3 to 1.55 um wavelength range, and is
therefore not suitable for 850 nm applications. Fully-integrated
bulk CMOS PDs [12], [13] have low responsivity, and are not
very attractive for high-speed links.

C. On-Chip CMOS APD

Fig. 1(c) shows the proposed system in which the APD
is designed in the same bulk CMOS process as the elec-
tronic RXFE circuits in order to reduce cost, manufactur-
ing complexity, bondwire crosstalk, and parasitics. Due to
monolithic integration, no external signal pads are needed
(Cpaa = 0f F), and the ESD requirement is also considerably
reduced. On-chip APDs thus improve O/E-RXFE sensitivity
and BW and have inspired several recent research efforts in
the design of on-chip CMOS APDs [4].

Despite the advantages of CMOS APDs, there are cer-
tain drawbacks that have limited their practical use. Next,
we describe these drawbacks, and propose solutions to over-
come them.

Need for large bias voltage: APDs in bulk CMOS process
require bias voltage of up to 10 V [4]. Even the Ge-based
APDs require high bias voltages. Fig. 3 shows the bias voltage
requirement for different APDs. As the nominal voltage sup-
plies on bulk CMOS processes are typically limited to 3.5 V
(for I/Os), and the breakdown voltages of the substrate diode
are also limited (10 to 12 V), this has resulted in APDs being
used only as external components. In Section V, we present an
on-chip voltage booster to generate the required APD voltage
in a standard CMOS process.

APD Noise and RXFE Sensitivity: The APD noise current
consists of two main components — shot noise (152) and thermal

noise (E). Shot noise is white and is a function of the PD
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current and the noise BW, BW,,,is.. The shot noise can be
expressed as [3], [14]:

1§ :ZC]MZF(RPM +ID)BWn0ise )

where, Ip is the dark current of APD and F is the excess noise
factor. The relationship between F' and M can be shown to
be [3], [14]:

1

F=kM+ (1 k)(2 M) (8)
where, k is the ratio of ionization co-efficient of electron and
hole. For silicon APDs, k is approximately 0.02 to 0.05 [3].
Assuming R is 0.02 A/W, for P;, of —15 dBm, the desired
PD signal current is RP;, M = 0.6M uA, whereas the dark
current component is only in the range of 5M nA. Thus, in (7),
the dark current component can be ignored.

Thermal noise is a function of temperature, 7, and is
inversely proportional to the TIA input resistance (Rgg) which
acts as the shunt load resistance for the PD. The thermal noise
can be written as [3], [14]:

1—2 _ 4kT BW,pise
T Rsnu

©)

where, k is Boltzmann’s constant (1.38 x 10_23J/K). Assum-
ing Rsg = 200Q and BW,,i5c = 5 GHz for a 10 Gb/s RX,
the RMS thermal noise is 0.64 uA and can be reduced by
increasing the input resistance of TIA at the cost of RXFE
input BW. On the other hand, the input-referred RMS noise
of a CMOS TIA, i,’l:"TSIA, for 10 Gb/s is usually in the range
of few uA [3]. Hence, the overall input-referred noise of an
O/E-RXFE is often dictated by i,"7;, in comparison to the
thermal noise of the APD.

Signal-to-noise ratio (SN R) is defined as the ratio of mean-
free average signal power to the average noise power [3].
For a DC balanced signal, mean-free power is (zf P /2)2 [3].
Assuming equal number of ones and zeros, the noise power

is calculated as (i,zlo + i,% 1)/2 [3], [14], where:

% = I_§+ (irrzfnTSIA)z =2gM*F (RPin)BWnoise"‘(’.ZnTSIA)2

(10)

i2o=(i"1a)’ (n
SNR — @)
(20 +i21)/2

(MRP;,)? 12

= 2
2 (quzF (RPux) BWagise +2 (i) )

At very low bias voltages, the avalanche gain is negligible
and hence the signal and the shot noise are minimal. The total
noise at this lower bias voltage is dictated by the TIA noise.
As the reverse bias increases, APD gain increases, so does the
signal strength and shot noise. After avalanche breakdown,
shot noise increases significantly as the gain is very high.
There exists an optimal region for the bias voltage near
the avalanche region where the SNR reaches its maximum,
as shown in Fig. 4.
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Fig. 4. (a) APD signal and noise current, and (b) SNR vs. APD gain.

The optimum gain, Mo p7, defined as the M which gives
the maximum SN R, can be computed as [14]:

d(SNR
L) =0 (13)
d(M)
2
2 (jrms
1—k ,TIA
k quPinBWnoise

An approximate solution can be shown to be [14]:

2
2 ("rrszM)
qk R Piyy BWhpoise

Fig. 4(b) shows the SNR based on (15), assuming k = 0.02
for silicon APD [3] with a baseline responsivity of 0.02 A/W
and an incident optical power of —18 dBm. The RMS TIA
noise is assumed to be 3.7 uA at 10 Gb/s [3].

Sensitivity to reverse bias voltage and temperature: The gain
of the APD fluctuates with change in the chip temperature
and the applied reverse bias [15]-[18]. Performance of the
APD is also subjected to random process variations during its
manufacturing. Several ideas have been proposed in prior-art
to maintain steady gain and BW of APD using temperature
monitoring and compensation techniques. These techniques
sense the temperature and compensate for the variations either
by changing the bias voltage of the APD or by heating or
cooling the APD. In [19], the cooling characteristic of a Peltier
cell is used in conjunction with a thermistor to maintain a
constant low temperature for APD, as shown in Fig. 5(a).
This implementation is, however, difficult to realize in standard
CMOS technology. In [20], [21], a temperature sensor is used
in the vicinity of APD to maintain a stable bias voltage with a
pre-tabulated temperature vs. APD bias voltage data, as shown
in Fig. 5(b). The pre-tabulated data is obtained with a stand-
alone APD. However, generating an accurate pre-tabulated
data for a monolithic implementation where the temperature
of the APD and the electronic RX changes together over time
is difficult. In [19], [22], a thermistor-based logic is used to
compensate for the change in temperature by changing its bias
voltage. In [23], clock and data recovery (CDR) logic is used to
make decisions based on eye quality. This technique increases
complexity and is only applicable to cases where the CDR is
implemented on the same chip. In [24], [25], matched APDs,
one biased in unity-gain region and another biased in high-
gain mode through a feedback loop are used to attain constant
multiplication gain, as shown in Fig. 5(c). The main difficulties

Mopr ~ 15)
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Fig. 6. A 10 Gb/s APD O/E-RX in 0.13-um CMOS process. The blocks

enclosed with the dotted line are implemented on the chip.

in these implementations are the required matching of APDs,
and defining and maintaining unity-gain bias. In Section YV,
we propose a fully-integrated O/E-RX with on-chip biasing,
tuning and stabilization of APD in a standard CMOS process
using nominal voltage supplies.

III. PROPOSED 10 GB/S CMOS APD O/E-RXFE

In this Section, we describe the details of the high-speed
path of the 10 Gb/s APD O/E-RXFE implemented in a
0.13-um CMOS process, as shown in Fig. 6. The CMOS
APD is followed by a TIA to convert the electric current to
an electric voltage with gain (Ar74), and 4 stages of MAs
for further voltage amplification. An offset cancellation loop
consisting of a low-pass filter (LPF), error amplifier and a
current source is also shown in Fig. 6.

An APD, simplistically, is a reverse biased PN junction
diode. Fig. 7 shows the cross-section of the APD imple-
mented in a 0.13-um CMOS process as N+/P-well junction,
and is based on the device in [4]. No additional masks or
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Fig. 8. (a) Die micrograph showing the CMOS APDs in 0.13-xm process
and (b) measurement setup for APD bandwidth.

anti-reflective coatings are employed to enhance the perfor-
mance of the APD. At the junction edges, high concentration
of electric field will result in premature breakdown. This
would result in a lower breakdown voltage and hence lower
multiplication gain. Shallow trench isolation (STI) guard rings
are used to enhance breakdown voltage and thus provide
higher avalanche gain [26].

When light penetrates the depletion region, it creates
electron-hole pairs leading to diffusion current. The penetra-
tion depth of light in silicon is around 20 gm which is more
than the depletion region (around 2 um). Thus, there is a
high chance for the light to enter P-substrate and produce
electron-hole pair which results in slow drifting current. When
this slow diffusion current reaches depletion region, it will
increase the total current and hence improve responsivity.
On the other hand, due to slow diffusion the speed and
hence the BW of the APD is reduced. N+/Pwell junction
based APD suffers from slow diffusion current at Pwell-
Psubstrate junction. Minimizing this slow diffusion current
would enhance the BW of the APD. We use Deep N-well
to shield Pwell from Psubstrate in order to prevent the slow
diffusion current from reaching the depletion region and boost
the BW of the APD.

Salicide and passivation layers are avoided above active
region of APD to ensure most the light is absorbed by
N+/P-well region. Deep-N-well and P-substrate are connected
to ground to shield their effect on photodetection. With an
active area of 30 umx30 um, the APD needs a reverse
bias voltage of < 10 V at 300 K of operating temperature.
APD dimensions are kept small to minimize the capaci-
tance, Copp. The lower limit on the dimensions is dictated
by the APD-to-fiber alignment.

Fig. 8 (a) shows the die micrograph of the prototype,
and Fig. 8(b) shows a setup used for APD measurement.
Three N+/Pwell-Deep-Nwell based APDs with core area of
40 um x 40 pum, 30 gm x 30 gm and 10 gm x 10 um
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and one P+/Nwell-Deep-Nwell APD with core area of
30 um x 30 um were fabricated. Measurement results of
N+/Pwell-Deep-Nwell with a core area of 10 yum x 10 um
are shown. An 850 nm VCSEL die is used as an optical
source and its output is coupled to the fiber using a collimated
lens set-up with a coupling efficiency of 50%, where the
optical power of the VCSEL output is measured using an
optical spectrum analyzer (Agilent 86146B). This coupled
light is flashed on the APD using a 50/125 gm multimode
lensed fiber, where the coupling loss between the fiber and
the APD interface is approximately 2 dBm. Next, the VCSEL
is modulated with an alternating data pattern (1010) from
a pattern generator (Anrtisu MP1800A), the output of the
APD is directly connected to an electrical spectrum analyzer
(Rohde & Schwarz 26.5 GHz FSW).

The measured multiplication gain M of the APD vs. its
reverse bias voltage is shown in Fig. 9(a). At low bias the gain
is almost unity. The gain of the APD is calculated as the ratio
of photocurrent at a given bias to the average photocurrent
at lower voltage (0 V to 1.0 V) [4]. The gain and overall
responsivity of the APD near avalanche breakdown of 9.51 V
is measured to be 191.2 and 3.92 A/W, respectively. Fig. 9(b)
shows the normalized large-signal frequency response of
the APD. Due to lack of an external pre-calibrated TIA in
our measurement setup, small-signal frequency response of
the APD could not be measured due to low output current
levels. It also posed a restriction for pulse response, which
is often an alternative method to characterize the small-signal
frequency response of a PD. Instead, the VCSEL is modulated
with alternating data pattern from 0 to 0.8 V, and the output
electrical current from the APD is observed on a 50-Q
spectrum analyzer. As the frequency of the alternating data
pattern is swept from few hundreds of MHz to GHz, the output
power is recorded, and thus, a large-signal frequency response
is obtained.

IV. TIA, ACTIVE BALUN AND MAS

The output of a PD is single-ended. As differential designs
are preferred in an RXFE, a differential TIA driven by a
PD and a dummy PD can be implemented [27], where the
dummy PD does not have any light incident on it. Another
popular topology is to implement a single-ended TIA followed
by a differential amplifier where the TIA is conventionally
connected to a differential amplifier, with the other input of
the differential amplifier connected to a replica TIA, Fig. 11(a).
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Fig. 11.  Simplified schematic of (a) the main amplifier (MA) and (b) the
error amplifier (EA). (c) % breakdown based on post-layout simulations (with
measured power consumption of 5.52 mW in the RXFE).

However, these methods cause mismatch in gain and phase of
the differential output, resulting in asymmetric signals. More-
over, a dummy TIA also increases the power consumption of
the RXFE.

Let us consider the differential amplifier in Fig. 11(a).
Transistor M1 is connected to the TIA and M2 is connected to
dummy TIA for better matching. Transconductance (g,,) and
the load (R) of both transistors M1 and M2 are considered
to be matched. The output-referred noise, (V(%’n)), and the

input-referred noise, (V(% n)), of the differential amplifier can
be calculated as follows:

V2, =2 [4kTR F4KTy gmR ] =8kTR[1+ygnR] (16)
5 SkTR[1+ygnR] 8T [1+yguR]
o (gmR)* (gm>R)

In this work, we implement a single-ended inverter-based

push-pull TIA followed by a self-noise-canceling active
balun to convert the single-ended TIA output to differential

a7)
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signals (Fig. 6). A detailed discussion for an inverter-based
TIA design is given in [28]. Fig. 11(b) shows the active
balun implementation inspired by noise-canceling low-noise
amplifiers [29]. Vi, represents the single-ended signal from
the TIA, R; is the output resistance of the TIA, Vp is the gate
bias for the common-gate transistor M2, and Vp and Vy are
differential signal outputs. As shown in Fig. 11(b), the TIA
signal, V;,, undergoes amplification by M2 in phase, and
amplification at M1 out of phase, and thus the two signals add
up differentially at the output. The gain of the balun, Apgiyn,
can be shown to be:

gmlRl + gm2R2
1+ ngRs

Here, g,1 and g, are transconductance of transistors
M1 and M2, respectively. R; and R, are the loads seen by
M1 and M2 transistors and can be approximated to 1/g;a
and 1/g,3, respectively. For the output to have matched
swings at Vp and Vy, the gain of the two paths should be
designed such that g,,1 R; = gm2R>.

On the other hand, the gate-referred equivalent noise of
M2 has two paths to the differential outputs. The noise
of M2, V,», with M2 acting as a common-source device,
is inverted at P, Vp ;5. V;2 is also sensed at node A in-phase,
Van2, and then inverted by M1 to appear at the node N
as Vn n2.

ABalun = = gmlRl (18)

—gm2R2
\% =YV, _— 19
P.,n2 n2 (1 n ngRs) ( )
gm2 Ry
Vv =YV, —_— 20
An2 n2 (1 n ngRs) (20)

— R R
8m11X18m2 s) Q1)
1+ gm2Rs

For the differential outputs, if Ry = 1/g;2, then the effec-
tive noise of M2 is canceled, as per the following equation:

VN2 = Va2 (—gmiR1) = V2 (

gmiR1gmaRy — ngRZ)
1 + gm2Rs

Considering noise from other sources, M1, Ry and R,
we can calculate V(% n) and V(% n) a8 follows:

Vout,nZ =V ( (22)

V2, = 4kTR[2+ ygnR] (23)

i,n_ g R

(24)

Comparing (24) with (17), the input-referred noise of the
active balun is smaller than that of a differential amplifier with
dummy TIA. Fig. 10(c) compares the noise, when referred to
the TIA input, of the active balun with a differential amplifier
based implementation when both are designed and simulated
for same gain and BW. The total RMS input-referred noise of
the TIA with active balun and differential amplifier is 2.2 ¢ A
and 3.1 #A RMS, respectively. Apart from minimizing the
mismatches in gain and delay as compared to a dummy TIA,
the active balun provides gain (A pa/un), thereby reducing the
input referred noise from the MAs. The loads R; and R»
are implemented as active shunt-peaking inductors for BW
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Fig. 12. (a) Die micrograph of the APD O/E-RXFE in 0.13-ym CMOS.
(b) Measured optical eye diagram at 10 Gb/s. (c¢) Simulated (post-layout)
magnitude and phase response, and (d) optical eye diagram.
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extension [30]-[32] at an expense of additional noise. The
active balun is followed by 4 stages of MAs, with each
stage implemented as a differential amplifier employing shunt-
peaking active inductors. MAs are provided with two different
power supplies, 1.24 V for the transistors and 1.54 V for
resistors of active inductor. The amplified signal is finally
buffered to the output using 50-Q drivers for measurement
purposes.

The APD O/E-RXFE, as shown in Fig. 6, is implemented
as a proof-of-concept prototype. Fig. 12(a) shows the die
micrograph. The core area of APD is 10 yum x 10 gm and
that of TIA with MAs, buffers and offset cancellation loop is
170 gm x 140 pm (without pads). For measurement purposes,
the chip is wirebonded to a CQFP80 package and soldered
onto a PCB. The power consumption for the TIA is 1.74 mW
and for the balun and MA stages is 3.96 mW. A more detailed
breakdown of the power consumed in various RXFE circuits
is shown in Fig. 11(c) based on post-layout simulations. The
optical eye diagram measurement for the APD O/E-RXFE at
P,og = —18.8 dBm is shown in Fig. 12(b), for a 10 Gb/s
PRBS7 signal generated using a VCSEL rated at 25 Gb/s
equivalent BW at a 6 dB extinction ratio. For sake of com-
parison, a post-layout simulated optical eye diagram is also
shown in Fig. 12(d). Fig. 12(c) shows the magnitude and phase
response of the RXFE. A further redesign of the RXFE consid-
ering peak-distortion analysis [38], time-domain response [32]
or phase response [39] should reduce the data-dependent jitter
in the output eye. Table I provides the performance summary
and comparison to prior-art CMOS linear (non-clocked) TIA
based 10 Gb/s receivers operating at 850 nm with CMOS
APD [36] and n-well based PD [37], along with the state-of-
the-art designs with external PDs [33]-[35]. To the authors’
knowledge, this work achieves the best sensitivity for 10 Gb/s
CMOS linear RXFE at 850 nm. The design also compares
favorably to state-of-the-art in area, power and energy effi-
ciency. BER measurements are carried out using an SHF
11125 analyzer and a bathtub plot is shown in Fig. 13. Further
improvements in sensitivity or data rate can be achieved by
leveraging linear equalization techniques [37], [40], [41] or
inductive-peaking [31], [32].
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V. VOLTAGE BOOSTER FOR APD BIAS GENERATION

In order to provide the large reverse-bias voltage needed for
the APD (VDDgy) from an external supply of 2.5 V, a fully
integrated voltage booster is implemented. Fig. 14(a) shows
the simplified schematic of the proposed voltage booster. The
power for the voltage booster is provided through VgEgr,
which can be swept from 0.5 V to 2.5 V. Vrgr can also
be controlled from the output of a DAC, as described later
in Section V. A bias voltage, Vjpiqs, controls the dropout
across the transistor M1 to provide a variable supply, Vppx,
to a pair of inverters driven by differential clock phases,
CLK and CLKB. Provided externally in the prototype, these
differential signals can be easily generated by an on-chip ring
oscillator. The output of the inverters swings from O to Vppx,
and can therefore be varied as needed. Vppy also provides the
input voltage to the core of the voltage booster.

The core of the voltage booster is modified from a
Dickson voltage multiplier [42]. Fig. 14(b) shows the conven-
tional NMOS-based Dickson voltage booster in which diode-
connected NMOS transistors are connected in series and the
intermediate node shares capacitors. The bottom plate of these
capacitors are connected to differential phases of a clock in an
alternating fashion. A disadvantage of the traditional Dickson
architecture is that the diode-connected NMOS transistors
turn-off when the gate-source bias falls below the threshold
voltage V7n. The threshold drop can be compensated by
using a back-compensated voltage booster implemented using
PMOS transistors, as proposed in [43]. A PMOS transistor
requires a negative gate-source voltage below its threshold to
remain ON. As shown in Fig. 14(c), a negative gate-source bias
voltage is provided by a diode connecting the PMOS gate to
the source of the previous stage instead of the traditional diode
connection. The voltage of the intermediate nodes increases
across the stack where the top plates of the capacitors are
connected. As the bottom plates of the capacitors are fed
with differential signals of the same swing, these charge pump
architectures impose a high voltage stress on the capacitors of
the last few stages.

A modified version of the threshold-compensated PMOS
rectifier based voltage booster core is shown in Fig. 14(d),
where voltage drops are limited to no more than 2.5 V
(maximum value of Vggp) between any two nodes of any
of the capacitors or transistors. Furthermore, thick-oxide 1/0O
transistors and MIM capacitors are used. The capacitor con-
nected to the OUT node is implemented as a series of multiple
capacitors to reduce the voltage drop and ensure reliability of
each capacitor. This allows the proposed circuit to achieve
high voltages in standard CMOS process without reliability
issues. As the breakdown voltage for the substrate wells in
this process is limited to ~10 to 12 V range, the operation
of the APD at a bias voltage of < 10 V is permissible.
If larger bias voltages are needed, or if the system is to be
designed in a scaled CMOS process, substrate isolation and
field oxide isolation techniques as proposed recently in [44]
can be adopted.

The proposed voltage booster has 11 cascaded stages. Ide-
ally, each stage should increases the voltage by Vrgr — Vipp,
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TABLE I

PERFORMANCE SUMMARY AND COMPARISON TO 850 NM LINEAR CMOS TIAS
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[33] [34] [35] [36] [37] This Work
CMOS Tech. (nm) 120 130 65 65 65 130
Arch. TIA+MA TIA+MA TIA+MA | APD+TIA | Nwell-PD+TIA+MA | APD+TIA+MA
Gain (dB(?) 81.1* 87 63.2 60 102 71
BW (GHz) NA 6.6 NA 6 12.5/0.5 NA/3.5
Resp. (A/W) NA 0.67 0.55 NA NA 3.92
Data Rate (Gb/s) 10 10 10 10 9 10
BER le-12 le-12 le-12 le-12 le-12 le-12
PRBS 7 7 7 7 15 7
VDD (V) 1.0/1.7 1.8 NA 1.2 1/1.2 1.24/1.54
VDD-PD (V) 3.5 2.5 NA 10.7 0.5 9.51
Power (mW) 8* 44% ok 68.2 13.7* 48 HkE 5.7*
Energy/bit (pJ/b) 0.8 3.52%%* 6.82 1.37 5.33%%% 0.57
Area (mm?) 0.043 NA 0.004##4% 0.024 0.23 0.024
Pavg (dBm) -13.1 -12.3 to -12.7 -16.1 -6.5 -11.5 -18.8
OMA (dBm) -13.1 -11.5 -15.6 NA NA -18

* Excluding 50 Q2 buffer, ** @ 12.5 Gb/s, *** @ 9 Gb/s, **** Excluding offset cancellation
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Fig. 13. Measured BER vs. RXFE sensitivity at 10 Gb/s.

however, due to leakage and parasitics, the amount by which
the voltage is increased in each stage diminishes as more
stages are added. The voltage booster works with a wide
range of clock frequencies, from 120 MHz to 2.4 GHz. Higher
frequencies are preferred to minimize the output ripple and the
overall circuit area. To further reduce the ripple, two boosters
cores can be used in parallel with opposite clock phase. The
output range of the voltage booster can be varied from 0 V to
10 V through Vjiqs (Vppx). Across PVT corners, the output of
the voltage booster varies by approximately up to 1V based on
simulations, which can be mitigated by the bias stabilization
loop.

Fig. 15(a) shows the die micrograph of the voltage booster.
It occupies an area of 400 um x 140 um, mostly limited
by the area of the capacitors in the voltage booster core.
The measurement result of the voltage booster output volt-
age, VDDgy, as a function of Vggp, is plotted in Fig. 15.
With a nominal I/0 supply of 2.5 V in this process, the voltage
booster output varies from 0 to 7.42 V. This is about 3 V
smaller than the design target, and the discrepancy is attributed
to additional leakage not accounted for in the simulations.

out

—
<HHH

CLKB

HH L

—

Vbpx =—-L_'|z-0—_u1—
|

Fig. 14. (a) Proposed Voltage booster circuit. (b) Conventional Dickson volt-
age multiplier, (c) Back-compensated charge multiplier [43], and (d) proposed
charge multiplier.

This prevented the measurement of the system with voltage
booster and APD together. Assuming the leakage scales lin-
early with the number of stages, we estimate that three stages
must be added in the future work so as to provide the necessary
bias voltage ( &~ 10 V) for APD.

VI. CMOS APD O/E-RX SYSTEM
WITH BIAS STABILIZATION

As described in Section II, the performance of APD is
sensitive to the reverse bias voltage and temperature, and all
of the prior-art in bias stabilization circuits have been limited
to off-chip implementations. Typically, a shift in temperature
by 1°C changes the APD bias by 0.05% [10] for Si APD
and 0.2% [3] for Ge APD. To maintain a stable performance,
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Fig. 15. (a) Die micrograph of voltage booster in 0.13 xm CMOS, and
(b) its measured output vs. input voltage characteristic.

either a constant operating temperature can be maintained
for the APD, or the bias voltage of the APD can be tuned.
Heating/cooling APD is power inefficient, bulky and not easily
compatible for CMOS monolithic applications.

Based on the fact that any change in temperature leads to
change in APD I-V characteristics [4], [15], [18], temperature
sensors can be eliminated in a fully integrated system (Fig. 6).
A change in the biasing of the APD due to temperature
variations leads to a change in its responsivity, and therefore,
the overall gain of the RXFE is also affected. The average
of the signal extracted at the output of the MA using an
LPF in Fig. 6 has the information of the varying responsivity
of the APD. Because the high-speed signal path inherently
has an LPF in the offset correction loop so as to effectively
AC-couple the incoming high-speed current from the APD,
the output of this LPF can be tapped by both the error amplifier
of TIA, as well as an ADC. The digitized output from the
ADC is then processed by the control logic to generate a
control voltage, Vrpr, from a DAC. In our system simulations,
we assume 7-bits for the DAC and ADC. A simple successive-
approximation-register (SAR) ADC is sufficient for such an
implementation.

The output signal current of the APD shows a steady
rise with increasing reverse-bias voltage till the breakdown
voltage. Beyond the breakdown voltage, there is an exponential
increase in the noise current leading to saturation of the RXFE.
If we consider the low pass envelope output as a function of
the reverse-bias voltage, we see that there is a steady increase
in derivative of the slope till the PD reaches the avalanche
region. Near the avalanche region there is a sudden increase
in the derivative of the slope as a result of avalanche effect,
and beyond the avalanche region the derivative of the slope
reduces as the current becomes nearly linear. Thus, the plot
for the second derivative of the LPF output (A2Vy pF) vs. the
reverse-bias voltage peaks near the avalanche region as shown
in the Fig. 16(b).

A modified hill-climbing algorithm that can be easily
implemented using digital logic is adopted to track the
peak in the second derivative of LPF output which is a
function of the bias voltage of the APD. In Fig. 16(a),
the onset of the avalanche region is encircled. The
reverse-bias voltage of the APD should be increased
optimally beyond this point, as a large excursion can
lead to the diode getting permanently damaged due to
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Fig. 17. Control logic FSM for APD bias stabilization.

very high currents flowing through the APD (Fig. 16(a)).
Therefore, a major difference between conventional hill-
climbing algorithms and the proposed algorithm is that the
algorithm takes the slope at avalanche, Ax,.r, as input and
does not allow the system to overshoot this value. The
reference slope, Ax,.r, is fed to the control logic based
on the characteristic calibration of the APD. The control
algorithm also takes into account shifts in I-V curve because
of temperature effects while setting the bias of the APD.

The logic for the control algorithm has four states: START,
UP, DOWN and WAIT. Fig. 17 shows the finite-state-
machine (FSM) of the control logic. The system is reset at the
START state. In the UP or DOWN state, the control voltage is
incremented or decremented respectively. In the WAIT state,
the control voltage is kept steady. The step size of the control
voltage may be incremented or decremented in steps of one
or two to achieve faster settling.

At every clock cycle, the present ADC value, x(n) is
compared with the previous value, x(n-1) and the difference
between them is computed, Ax. This difference is then
compared with the reference slope, shown in Fig. 18(a),
Aref = Axpor —|Ax|. The control remains in UP state until
it reaches the avalanche region. Once it reaches avalanche,
it either moves to wait state or dithers at the top based on
the value of Ax,.r as shown in Fig. 18(a) and Fig. 18(b).
The cases for positive and negative temperature drift are high-
lighted in Fig. 18(c) and Fig. 18(d), respectively. As shown
in Fig. 18(c), if there is a rise in temperature, the bias voltage
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(b) LPF output and (c) APD bias voltage.

is increased to lock to the avalanche region of the shifted
curve. Similarly, the loop adjusts the bias voltage in case of a
temperature fall.

In order to verify the algorithm, the control logic is
written in Verilog. Simulation results for the entire APD
O/E-RX system of Fig. 6, with Verilog implementations for
the off-chip ADC, control logic, DAC, and on-chip post-layout
implementations for rest of the circuits, are shown in Fig. 19.
Fig. 19(a) shows the high-speed output current waveform of
the APD. Fig. 19(b) plots the corresponding LPF output, which
is equivalent to the average value of the APD current. As seen
in Fig. 19(c), the control loop ensures that the bias voltage of
APD is slowly increased till it reaches the avalanche region
and then is kept steady. The ripple after settling is less than
5 mV and does not impact the RX eye diagram. This technique
of bias stabilization can be applied in external APDs based
RX and Ge-doped CMOS processes as well to enhance the
RX performance.

VII. CONCLUSION

An APD-based O/E-RX greatly relaxes the sensitivity
requirements of the electronic RXFE because of the inherent
avalanche gain of the APD. However, due to high reverse
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bias requirement and temperature sensitivity of the APD,
APD-based RXs have been traditionally implemented as multi-
die solutions. This work proposes the first monolithic solu-
tion of a CMOS based O/E-RX with APD. Fully-monolithic
implementation further improves the bandwidth at the input
of the electronic RXFE by eliminating package parasitics.
A simple solution for on-chip biasing and bias stabilization
of APD is also described. The APD O/E-RXFE achieves the
best-reported sensitivity among 850 nm linear CMOS TIAs
at 10 Gb/s.
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