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Abstract

Silicon Photonics-Wireless Interface ICs for
Micro-/Millimeter-Wave Fiber-Wireless Networks

in Standard CMOS/BiCMOS Technology

Minsu Ko

Dept. of Electrical and Electronic Engineering
The Graduate School

Yonsei University

Silicon photonics-wireless interface (PWI) ICs for low-cost remote
antenna unit (RAU) in fiber-wireless network are investigated by
utilizing 850-nm CMOS-compatible silicon avalanche photodetectors
(APDs) realized with standard CMOS/BiCMOS technology without
any design rule violation. Three types of silicon PWI ICs are developed
according to target wireless application and optical distribution scheme,
and they are a 5-GHz PWI IC for microwave RF-over-fiber RAU, a 60-
GHz balanced subharmonic optoelectronic mixer (SHOEM) for

X



millimeter-wave IF-over-fiber RAU, and a 60-GHz PWI IC for
millimeter-wave baseband-over-fiber RAU.

The 5-GHz PWI IC composed of an APD, a preamplifier, and a
power amplifier (PA) is implemented with standard 180-nm CMOS
technology. The APD is realized in P'/N-well junction with the optical
window of 10 um % 10 um and operates in an avalanche multiplication
region with high reverse bias voltage. Its maximum DC responsivity
and photodetection bandwidth are 7.09 A/W and 3.92 GHz. In order to
optimize the circuit, DC, AC, and noise of the APD are characterized
and its small-signal equivalent circuit model is developed. The
following amplifier is optimized for the given APD by using
simultaneous noise and impedance matching technique. The resulting
peak transimpedance gain and minimum input circuit noise current are
79.9 dBQ at 5.42 GHz and 7.3 pA/NHz at 5.38 GHz, respectively. For
verification of the PWI IC, data transmission in 5-GHz fiber-wireless
downlink with 54-Mb/s 64 quadrature amplitude modulation (QAM)
orthogonal frequency-division multiplexing 802.11 wireless local area
network (WLAN) data is demonstrated with the minimum error vector
magnitude (EVM) of 2.66% at the optical input power of -8 dBm.

The balanced SHOEM fabricated with CMOS process layers in

standard 250-nm SiGe BiCMOS technology is investigated for 60-GHz



[F-over-fiber RAU. The 60-GHz SHOEM converts optical IF signals
into electrical 60-GHz signals directly with 30-GHz LO signals. For the
balanced SHOEM, a pair of APDs is configured in a diode frequency
doubler structure, and this improves the conversion efficiency 11 dB
higher than a single-APD SHOEM. Two configurations for the
balanced structure, which are common-N and common-P pairs, are
compared for the device optimization. The common-N SHOEM shows
4 dB higher conversion efficiency and the common-P SHOEM has 1.74
times wider photodetection bandwidth. The SHOEM is demonstrated
by 110-MHz 25-Mb/s 32QAM signal transmission in 60-GHz fiber-
wireless downlink. The achieved minimum EVM is 2.4% at 30-GHz
12-dBm LO and 110-MHz 0-dBm optical IF signals.

The 60-GHz PWI IC, an integrated baseband photoreceiver and
millimeter-wave transmitter, is developed in standard 250-nm SiGe
BiCMOS technology. The PWI IC converts baseband optical data into
60-GHz binary phase-shift keying (BPSK) wireless data. The baseband
photoreceiver consists of an APD, a transimpedance amplifier (TIA)
with a DC-balanced buffer, and a variable-gain amplifier (VGA)
having the gain range from —10 dB to 10 dB. It has the variable
transimpedance gain from 58 to 78 dBQ with the bandwidth over 2.57

GHz. The input-referred circuit noise current is 0.317 pAms. The 60-
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GHz transmitter is composed of a 60-GHz double-balanced Gilbert-cell
mixer as a BPSK modulator and a 60-GHz PA. The peak voltage
conversion gain is 15.8 dB at 55-GHz LO, and the IF bandwidth is over
6 GHz. The output 1-dB compression point is 9.5 dBm. 2-m wireless
transmission of 1.6-Gb/s broadband data in 60-GHz fiber-wireless
network using the PWI IC is successfully demonstrated with the error-

free operation achieved at —6-dBm optical input power.

Keywords: avalanche photodetector (APD), BiCMOS, binary phase-
shift keying (BPSK), BPSK modulator, CMOS, fiber-wireless network,
5 GHz, low-noise amplifier (LNA), optoelectronics, photonics-wireless
interface (PWI), photoreceiver, power amplifier (PA), preamplifier,
remote antenna unit (RAU), silicon photonics, 60 GHz, subharmonic
optoelectronic mixer (SHOEM), transimpedance amplifier (TIA),
transmitter, variable-gain amplifier (VGA), wireless local area network

(WLAN), wireless personal area network (WPAN)

xii



1. Introduction

1-1. Fiber-Wireless Network

Since mobile communications have been one of the most important
public services, there always has been a growing demand for faster data
transfer and better mobility. Nowadays, especially after the great
success of smartphones, the users are consuming a large amount of
wireless data indoor and outdoor while using voice and video calls,
watching HD streaming videos, listening streaming music, interacting
with others in social network services. Most of the current wireless
services mainly use microwave bands within a few GHz such as GSM,
WiMAX, LTE, and Wi-Fi, but they are extending to millimeter-wave
bands which enable Gb/s transmission such as 60-GHz wireless
personal area network (WPAN) [1] and wireless local area network
(WLAN) [2]. This leads an explosive increase of data capacity and a
decrease of wireless coverage, and therefore fiber-wireless networks
using optical fibers as a wired transmission medium have been
preferred [3]-[10].

Fig. 1-1-1 shows the block diagram of fiber-wireless network.

Optically modulated data are transmitted between a central office and



indoor and outdoor remote antenna units (RAUs) via fiber. RAU is one
of the most important components, which is an interface between
photonic and wireless domains. As shown in Fig. 1-1-2, RAU provides
photonics-wireless interface (PWI) for both downlink and uplink,
which consists of optoelectronic (O/E) and electrooptic (E/O) photonic
devices and wireless devices. There are three possible schemes for
optical data distribution; RF over fiber, IF over fiber, and baseband
over fiber [3]. The RAU structure varies with the optical data

distribution scheme. This will be discussed in the next section.
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1-2. Low-Cost Silicon Integrated Remote Antenna Unit

The overall system cost of fiber-wireless network is dominated by
RAU because a numerous number of RAUs are required per each CO.
Over the last decade, there has been significant progress in silicon
technologies, and silicon wireless devices for 60-GHz or higher bands
can be realized with low-cost standard CMOS/BiCMOS technology
[11]-[14]. On the other hand, silicon photonics has been actively
investigated to develop photonic devices in silicon technology platform
[15]-[19]. 1550-nm germanium photodetectors (PDs) on silicon
substrate having the photodetection bandwidth as high as 42 GHz have
been reported [16], [17]. Silicon E/O modulators (EOMs) which are
Mach-Zehnder interferometer [18] or ring resonator [19] types with
modulation bandwidth as high as 30 GHz also have been reported. By
using silicon photonics technology, photonic devices and high-speed
transistors can be integrated in a single silicon substrate. And,
consequently, development of low-cost silicon integrated RAU
including photonic and wireless devices can be also possible.

Fig. 1-2-1 shows block diagrams of silicon integrated RAUs
consisting of PDs, EOMs, and electric circuits such as amplifiers,

mixers, local oscillators (LOs), and digital circuits in a single chip. The



RF-over-fiber scheme shown in Fig. 1-2-1 (a) is the simplest for RAU
implementation because frequency conversion is not required. Wireless
network control is centralized at CO, so that wireless network can be
reconfigured independent to RAU. However, the bandwidth of photonic
devices should be high enough to handle RF signals. Optical data
modulated in RF band are significantly affected by fiber chromatic
dispersion, and it limits the optical transmission distance. On the other
hand, the IF-over-fiber scheme shown in Fig. 1-2-1 (b) lessens the
bandwidth requirement of photonic devices. Instead, wireless devices
become more complex because up-/down-mixers and LOs are required
for frequency conversion from or to the RF frequency. Alternately, the
complexity can be relaxed by using O/E mixers [20], [21]. The O/E
mixers detect optical IF signals and convert them into electrical RF
signals by using nonlinearity of PDs. RAU is involved in wireless
network control by IF-RF frequency conversion. The effect of fiber
chromatic dispersion is greatly reduced. The block diagram of
baseband-over-fiber RAU is shown in Fig. 1-2-1 (c). This type of RAU
is the most complex because data modulation and demodulation should
be done in RAU and consequently requires additional digital circuits.
All the wireless network control functions should be done in RAU, but,

at the same time, this scheme offers the best network flexibility by



separating MAC protocols of optical and wireless networks [10]. The
chromatic dispersion effect is the least among three architectures.
Comparison of three fiber-wireless network architectures is listed in
Table 1-1.

The RAU structure available with silicon photonics technology is
restricted by the RF frequency used in target wireless application
because the currently developed photonic devices have not enough
bandwidth to handle millimeter-wave bands over 30 GHz. Hence, for
microwave applications such as LTE and Wi-Fi, all three structures are
applicable, but RAUs for millimeter-wave application such as 60-GHz
WPAN and WLAN can use only the IF-over-fiber and baseband-over-

fiber structures.
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Table 1-1

Comparison of fiber-wireless network architectures.

NETWORK RF IF BASEBAND
ARCHITECTURE OVER FIBER | OVER FIBER | OVER FIBER
Bandwidth of
Photonic Devices High* Moderate Low
(EOM and PD)
Frequency
) CO Both RAU
Conversion
Wireless Network
CO Both RAU
Control
CO Complexity High Moderate Low
Moderate
RAU Complexity Low (Simpler w/ High
O/E mixer)
Fiber Chromatic )
High Moderate Low

Dispersion

"Hard to support millimeter-wave band with silicon photonics

technology



1-3. Photonics-Wireless Interface IC in Standard Silicon

Technology

Even though silicon photonics is the most promising technology to
develop silicon integrated RAUs, as of yet, there is no currently
available silicon technologies generally supporting integrated
germanium PDs and silicon EOMs with high-speed transistors in a
single substrate. In an alternative approach, this dissertation focuses on
standard CMOS/BiCMOS technologies since integrated silicon PDs
can be realized with these technologies. Various types of CMOS-
compatible PDs have been reported such as a lateral PIN PD [22], a
spatially-modulated PD [23], and an avalanche PD (APD) [24] with the
bandwidth of a few GHz. With those PDs, silicon integrated PWI ICs
for downlink fiber-wireless network can be realized with standard
CMOS/BiCMOS technologies. The PWI ICs using silicon PDs cannot
operate at the 1550-nm wavelength inherently because of low
absorption coefficient of silicon PDs at this wavelength. Nevertheless,
this approach is a worthy initial attempt to investigate silicon RAUs
because it can be easily extended into 1550-nm application when
complete silicon photonics technology becomes available.

In this dissertation, three types of PWI ICs based on different RAU

10



structures are developed with silicon APDs [24] operating at the
wavelength of 850 nm. For the RF-over-fiber structure, a PWI IC for 5-
GHz WLAN application is implemented with standard CMOS
technology. Secondly, as an IF-over-fiber PWI IC for millimeter-wave
application, a 60-GHz balanced subharmonic O/E mixer (SHOEM)
with standard BiCMOS technology is demonstrated. At last, for
millimeter-wave baseband-over-fiber structure, a 60-GHz PWI IC with
binary phase-shift keying (BPSK) modulation is developed with
standard BiCMOS technology. Their performance and the feasibility

are evaluated with fiber-wireless link demonstrations.

11



1-4. Outline of Dissertation

In chapter 2 describes the 5-GHz silicon PWI IC in standard CMOS
process. In section 2-2, gain and noise analyses of the PWI IC using a
2-port network model are discussed. Section 2-3 describes the device
description of the CMOS-compatible APD, its characterization, and its
equivalent circuit model. Using the established APD model,
implementation of the PWI IC is described in section 2-4. Circuit
measurement results and 5-GHz WLAN data transmission results in
fiber-wireless downlink are shown in section 2-5.

Chapter 3 describes two different approaches for the 60-GHz PWI
ICs. One is the balanced SHOEM for IF-over-fiber RAU, and the other
is the integrated baseband photoreceiver and millimeter-wave
transmitter IC for baseband-over-fiber RAU. Section 3-2 describes the
operation principle and the device optimization of the balanced
SHOEM and narrowband data transmission results in 60-GHz fiber-
wireless downlink. Section 3-3 and 3-4 describe circuit implementation
and measurement of the integrated 60-GHz PWI IC and demonstration
results of 1.6-Gb/s BPSK data transmission using the PWI IC.

Finally, this dissertation is summarized in chapter 4.

12



2. 5-GHz Silicon Photonics-Wireless Interface IC

2-1. Introduction

This chapter describes the 5-GHz silicon PWI IC for RF-over-fiber
RAU fabricated with standard CMOS technology [25]. Fig. 2-1-1
shows the block diagram of the 5-GHz PWI IC consisting of an APD, a
preamplifier, and a power amplifier (PA). Optically transmitted 5-GHz
narrowband data with the RF-over-fiber scheme are converted into
electrical data by the APD. And they are amplified by the preamplifier
and the PA to radiate the data into the wireless channel with high power.
The PWI IC is targeting 54-Mb/s 64 quadrature amplitude modulation
(QAM) orthogonal frequency-division multiplexing (OFDM) 802.11 5-
GHz WLAN application.

In order to enhance the optical input sensitivity, the PWI IC should
be designed to have low noise. For this, noise characteristics of not
only the preamplifier but also the APD should be analyzed since the
overall noise performance of the PWI IC is affected by both of them.
Power budget for wide dynamic range is determined as shown in Table
2-1. Assuming the maximum optical input power of 0 dBm and the PD

responsivity of 0.1 A/W, the transimpedance gain of the PWI IC should

13



not exceed 80 dBQ for the maximum available PA output power of 10
dBm. For this reason, the PWI IC is designed to have the gain of 80

dBQ and the output 1-dB gain compression point of 13 dBm, including

PA back-off.

14



Fiber

5-GHz Silicon Photonics-
Wireless Interface IC

Preamp PA

Central ‘ ’
Office

5 GHz

m

Fig. 2-1-1.

> APDl—D—D—

24

Ji
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technology for RF-over-fiber RAU.

Table 2-1

Power budget for 5-GHz PWI IC.

Block diagram of 5-GHz PWI IC in standard CMOS

GAIN POWER
Optical Input Power - 0 dBm
PD Responsivity 0.1 A/W -
Photodetected Current - —80 dBA
Transimpedance Gain
80 dBQ -
(Preamp + PA)
Output Voltage - 0 dBV
Output Power
- 10 dBm
w/ 50-Q Load
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2-2. Gain and Noise Analyses Using 2-Port Network
Model

Fig. 2-2-1 shows a 2-port network model of the 5-GHz PWI IC. It is
composed an APD, a matching network, and an amplifier. The APD
block is an equivalent circuit model of the APD driven by the current
sources I, and i,,, representing the photocurrent and the shot noise
induced by the photocurrent, respectively. The APD model should take
into account the finite carrier transit time because the photodetection
bandwidth is determined by not only the RC time constant but also the
carrier transit time [26]. With this model, low-frequency approximation
can be applied to the input sources, and consequently, i,; and i, ,, can
be regarded as frequency-independent. i, . represents the input-referred
noise current contributed by the APD parasitics and the circuit. The

total noise current becomes

. 2 . 2 . 2
|ln,t0t | = | ln,ph | +| ln,c ‘ :

The matching network is placed between the APD and the amplifier
to maximize the signal transfer and to minimize the circuit noise. The
general expressions for the transimpedance gain and the equivalent
input circuit noise current are well derived in [27], [28]. As a brief

review, the transimpedance gain can be expressed by the equation
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Z, =

1 f Z
:E GT,Amp E(:

where G7.4mp 1s the transducer power gain of the amplifier for /7 =0

Ly

given by [29]
_ 1_|FS|2
T,Amp |1—S11FS |2

2
21

_ 1-|1
|1_S11FMN |2

2
[Sa

with the scattering parameters Sj; of the amplifier, and G; is the intrinsic

conductance given by
G, =Re {a;azz}

with the chain matrix coefficients a;; of the cascaded APD and matching
network block. Because G; is fixed for a given APD [27], maximizing
Zr is identical to maximizing Gr4mp. The maximum Zr is obtained

when

*

11°

I

v =S
The input-referred circuit noise current i, . can be also found in [27],

[28] as follow

i, [ = 4kT,dfG,F,

mp
where k, Ty, df, and Fy,, are Boltzmann constant, the reference

temperature, the bandwidth, and the noise figure of the amplifier.
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Similarly with the transimpedance, minimizing i,. is identical to

minimizing F4,,. The equation for F4,, is given by [29]

F, = M

2
Amp — Fmin,Amp Re {Y } ‘ s Yopt,Amp‘
N

_ Rn ,Amp

2
- Fmin,Amp Re {Y } ‘ MN — Y()pt,Amp‘
MN
where Fin amps Rnamp, and Yo, 4mp are the minimum noise figure, the

noise resistance, and the source admittance resulting in Fuin smp,

respectively. The minimum i, . is allowed by the condition

r

MN

=TI

opt, dmp *

As a result, the narrowband PWI IC has very similar design strategy
with a low-noise amplifier (LNA) with the source reflection coefficient
Iy, and therefore LNA design optimization techniques can be applied

for designing the amplifier and the matching network.

Input-referred Yrp Yun

noise sources I'pp Ty
g : | |
5 < | Matching {¢ +
() V) iy | APD Networl? Amp v, =2

Fig. 2-2-1. 2-port network model of 5-GHz PWI IC.
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2-3. APD in Standard CMOS Technology

2-3-1. Device Description

Fig. 2-3-1 depicts the cross-section view of an APD having an
optical window of 10 um x 10 um available in standard CMOS
technology without any design rule violation. In this structure, there
exist two kinds of APDs formed at P*/N-well junction and N-well/P-
substrate junction, respectively. However, the N-well/P-substrate APD
is hardly applicable due to lower avalanche gain and photodetection
bandwidth than the P"/N-well APD [30]. Isolating the N-well/P-
substrate APD is available by collecting the output current at the P* port.
And the reverse bias voltage is applied to the P"/N-well APD by
applying the positive voltage Vpp to the N-well port and 0 V to the P
port. By doing this, the electrons photogenerated by N-well/P-substrate
APD cannot cross the reverse-biased P*/N-well junction. Premature
breakdown in the N-well/P-substrate junction does not happen because
its breakdown voltage is much higher than P"/N-well junction due to
low doping concentration of P-substrate. Fig. 2-3-2 depicts the brief
schematic of the 1-port APD configuration. 850-nm light from a laser

diode is injected into the APD through a lensed fiber having 10-pum spot
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diameter, which is same as the optical window of the APD. The P" port
acts as a signal port and the N-well port is used only for biasing. An on-
chip 8-pF decoupling capacitor explicitly provides AC ground path at

the N-well port. Further details on the APD are given in [31].
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Fig. 2-3-1. Cross-section view of APD.
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Fig. 2-3-2. Schematic of 1-port APD configuration.
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2-3-2. DC and AC Characterization

DC characteristics of the APD wunder illumination and dark
conditions are measured as shown in Fig. 2-3-3. For the illumination
condition, the incident optical power is set to —8 dBm. Fig. 2-3-3 (a)
shows the current-voltage characteristics of the APD. The dark current
increases very sharply by avalanche multiplication process as the Vpp
approaches the avalanche breakdown voltage of about 10.8 V. The
photocurrent in the illumination condition also increases sharply but
more gradually than the dark current. At Vpp higher than 10.8 V, both
dark and photocurrents are saturated and become equal. DC
responsivity and avalanche gain calculated from the current-voltage
curves are shown in Fig. 2-3-3 (b). Responsivity and avalanche gain at
7.0 V have the values of only 0.018 A/W and 1.39. However, as Vpp
increases they increase and have the maximum values of 7.09 A/W and
548.1 at 10.86 V.

The photodetection frequency responses at different Vpp are
measured as shown in Fig. 2-3-4. For this measurement, a 20-GHz
EOM is used to modulate the light from a laser diode and frequency
responses from the modulator RF input to the APD output are measured

by using a network analyzer. The measured response at higher bias
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voltage has larger magnitude due to increased avalanche gain M. The 3-
dB photodetection bandwidth is about 3.9 GHz in all cases.

The input impedance of the APD in the illumination condition at
different Vpp is plotted on the impedance Smith chart as shown in Fig.
2-3-5. It is measured by a network analyzer and parasitics from probe
pads and interconnection are calibrated out by using the pad-open-short
deembedding technique [32]. The measured values are normalized by
Zp of 500 Q to observe their bias dependency more clearly. Open circles
on the chart indicate the values at a frequency of interest, 5.4 GHz.
Within the bias range from 9.2 V to 10.4 V there is nearly no difference
in the input impedance while it becomes less resistive at higher Vpp due

to abruptly increased avalanche gain.
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Fig. 2-3-3. (a) Current—voltage characteristics and (b) DC

responsivity and avalanche gain of APD.
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Fig. 2-3-4. Photodetection frequency responses of APD at different

bias voltages.
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Fig. 2-3-5. Input impedance of APD on impedance Smith chart
normalized by 500 Q at different bias voltages. Open circles indicate

input impedance at frequency of 5.4 GHz.

26



2-3-3. Noise Characterization

Even though the photogenerated signal current i,, of the APD is
directly proportional to the avalanche gain, the shot noise current i, ,
has higher rising slope due to excess noise during the multiplication
process and is proportional to M~+/F where F is the excess noise
factor [33]. Therefore, investigating the noise performance of the APD
depending on Vpp and determining its optimal bias condition for the
best signal-to noise ratio (SNR) of the entire receiver is very important
to design a following preamplifier. Fig. 2-3-6 depicts the experimental
setup for signal and noise current measurements with WLAN data.
Signal measurement is done by using the light modulated with 5.4-GHz
—21-dBm WLAN data and noise measurement is done with the
unmodulated light. In both measurements, power spectral densities of
the APD output are measured by a spectrum analyzer. Two cascaded
preamplifiers whose gain and noise figure are well characterized are
placed between the APD and the spectrum analyzer to enhance
measurement sensitivity. The measured power spectral densities are
converted into the input-referred signal and noise current densities by
carefully calibrating out added noise from preamplifiers, gain or loss of

preamplifiers and cables, and frequency response of the APD.
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Fig. 2-3-7 shows the input signal and noise currents of the APD, iy,
and i, as a function of the avalanche gain, which is measured at DC
as shown in Fig. 2-3-3 (b). The measured i,,, at low avalanche gains
involves the uncertainties in measurement caused by measurement
sensitivity and calibration process. So it is fitted and extrapolated with
assuming that it has the shot noise characteristic. The results indicate
that i,, increases with a slope of 1 and i,,, increases with a slope of
higher than 1. As a result, the SNR diminishes from 39.7 dB to 30.5 dB
as the avalanche gain increases.

The SNR performance of the entire receiver is estimated from the
measured i,,, and three different i,. cases. Fig. 2-3-8 (a) shows the
input APD, circuit, and total noise currents while the circuit noise i, is
setto 2, 5, and 10 pA/\/Hz, respectively. The APD noise i, increases
rapidly as the bias approaches to the avalanche breakdown, while i, . is
constant in the entire bias region. As a result, i, . at the low bias region
is affected by bias-independent i, ., but i, ,, at the high bias region is
dominated by bias-dependent i, 5. Fig. 2-3-8 (b) shows how this affects
the SNR performance. The SNR 1is obtained by calculating the ratio i,
to inwe In case 1, the low circuit noise leads to the shot-noise
characteristic in the almost entire bias range, so the SNR is gradually

decreasing. In higher i, . cases, on the other hand, the SNR is increasing
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because the slope of the noise increment diminishes by the higher
constant circuit noise and becomes less than the slope of the signal
increment. At near-avalanche region, the three cases converge into the
same SNR performance with very high i,,;. Since the input noise
current of a preamplifier can be minimized to a few of pA/\/Hz, a
nominal SNR performance is expected to be case 2. With this
assumption, the estimated operational Vpp range for the best SNR is

from 9.0 Vto 10.2 V.

54-Mb/s 64QAM
OFDM 802.11a data

HP8563E

5.4 GHz Spectrum Analyzer

-21 dBm

Modulation
On/Off

? Fiber Osss g

\::oooeoi oo Sea o

Optical

Tx APD

Preamplifier
G =26.75dB
NF =2.87 dB
@ 5.4 GHz

Fig. 2-3-6. Experimental setup to measure signal and noise currents
of APD with WLAN data.
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2-3-4. Small-Signal Equivalent Circuit Model

Fig. 2-3-9 illustrates the small-signal equivalent circuit model of the
APD considering the transit time effect. R; and C; denote the junction
resistance and capacitance of the P'/N-well depletion region. R
represents the N-well resistance from the P"/N-well junction to the N-
well electrodes. C, is the parasitic capacitance between P* and N-well
electrodes. The transit time effect is modeled with a current-controlled
current source and a first-order RC lowpass filter (LPF) having its time
constant equal to the transit time. Further descriptions on the model are
given in [26]. One of the differences of our model from one in [26] is
the absence of an inductive component representing the phase delay
between current and voltage due to impact ionization. Within the
operational Vpp range estimated in Section 2-3-3, this phase delay
effect can be ignored because avalanche gain is not high enough yet. It
can be verified by observing the input impedance as shown in Fig. 2-3-
5. There cannot be observed any positive reactance points within the
entire bias and frequency.

The model parameters are extracted from initial guess from
theoretical equations and fitting to the measured characteristics at Vpp

of 9.6 V, which is the median of the operational bias range. Because
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there is nearly no difference in the input impedance within the
operational Vpp range, the unified model can be established. The fitting
process is as follows. At first, the passive parameters which are R;, C;,
R;, and C, are extracted from the input impedance or admittance. Fig.
2-3-10 (a) shows the measured and fitted input impedance of the APD
on the impedance Smith chart normalized by 500 Q2. And Fig. 2-3-10 (b)
and (c) show the fitted results for real and imaginary part of the input
admittance Ypp, respectively. Secondly, the 3-dB bandwidth by transit
time is extracted from the measured photodetection response. Fig. 2-3-
11 shows the measured and fitted response with and without the transit
time effect. The response of the model developed by electrical
measurements without the transit time effect has much faster speed than
the measured response. So it is fitted to the measured one by the LPF
bandwidth f, representing the transit time effect. The extracted model
parameters and the fitted values for the APD at Vpp of 9.6 V are listed

in Table 2-2.
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Fig. 2-3-9. Small-signal equivalent circuit model of APD considering

transit time effect.
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Fig. 2-3-10. Fitted results of (a) input impedance of APD on

impedance Smith chart normalized by 500 Q and (b) real part and (c)

imaginary part of input admittance at APD bias of 9.6 V.
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Table 2-2
Extracted model parameters and fitted values for APD at 9.6-V bias.

MODEL PARAMETERS
Junction resistance, R; 70 kQ
Junction capacitance, C; 35 fF
Series resistance, R, 72 Q
Parasitic capacitance, C, 13 fF
Bandwidth from transit time, f;, 3.98 GHz
FITTED VALUES

Input admittance at 5.4 GHz, Ypp (0.113 +j1.608) mS

Photodetection bandwidth 3.92 GHz
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2-4. Circuit Implementation

Fig. 2-4-1 shows the schematics of the 5-GHz PWI IC consisting of
the APD, the preamplifier, and the PA. The bias circuits are not shown
in this schematic. The design goal of the preamp is achieving low noise
and high gain simultaneously. For this, a cascode LNA topology with
the simultaneous noise and input matching technique [34] is used. The
cascode configuration offers enough gain per stage to neglect the noise
of the following amplifiers. The impedance matching between the
preamp and the APD is carefully determined at 5.4 GHz with the
equivalent circuit model of the APD. The matching is done by
determining transistor size and current density of the preamplifier, a
source degeneration inductor and a gate input capacitor of the
preamplifier, and a shunt inductor, Lg,,. Especially, Lg. 1S an
essential component not only for the impedance matching but also for a
DC current path for the APD. Even though a series inductor between
the APD and the preamplifier makes the impedance matching more
precisely, it 1s not considered in this design because it worsens the noise
performance due to the parasitic resistance of a spiral inductor. The
load of the preamplifier uses a parallel RLC topology with resonance at

5.4 GHz to have enough bandwidth. The PA is designed to supplement
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gain and to drive an external 50-Q load with large power handling
capacity. The first stage uses a cascode topology for high gain, and the
latter two stages utilize a common-source topology for high linearity.
Each stage has a source-degeneration inductor to prevent unstable
operation.

Fig. 2-4-2 shows the simulated transimpedance gain at the PA output
v, and the preamplifier output v,; as a function of frequency. The peak
gain of the preamplifier itself is 62.3 dBQ at 5.4 GHz and the overall
gain is 80.4 dBQ after 18.1-dB amplification by the PA with a 50-Q
load. The 3-dB bandwidth 1s 0.6 GHz from 5.18 to 5.78 GHz. Fig. 2-4-
3 shows the simulated total input noise current i, ., at different input
APD noise current i, ;. Simulations are performed with an additional
noise source representing the measured i, ,, at each bias voltage, which
are 5.63, 9.26, 21.99 pA/\/Hz at 9.0, 9.6, and 10.2 V, respectively. The
input-referred circuit noise current i, . is minimized to 7.32 pA/\/HZ at
5.35 GHz. The total noise currents with each APD noise are increased
t0 9.24, 11.8, and 23.2 pA/NHz at the same frequency. Fig. 2-4-4 shows
input-output power characteristics as a function of input signal current
representing the photocurrent induced from the modulated optical
signal. The output 1-dB gain compression point is about 13 dBm at the

input signal current of =76 dBA or 158.5 pA. The gain compression is
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occurred dominantly at the PA. Fig. 2-4-5 shows the return loss
characteristic at the PA output. The return loss below —9.5 dB is

obtained in the wide frequency range.
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Schematics of 5-GHz PWI IC in standard CMOS

Fig. 2-4-1.
technology.
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Fig. 2-4-2. Simulated transimpedance gain of 5-GHz PWI IC at PA

output and preamplifier output as a function of frequency.
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current as a function of frequency. APD noise currents at 9.0, 9.6, and
10.2 V are 5.63, 9.26, and 21.99 pA/\Hz, respectively.
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2-5. Experimental Results

2-5-1. Circuit Measurement

Fig. 2-5-1 shows the chip photo of the 5-GHz silicon PWI IC
consisting of the APD, the preamplifier, and the PA. The APD bias Vpp
and the RF output is connected to external measurement equipments
through on-wafer probing setup with a DC probe pad and a RF ground-
signal-ground pad, respectively. The spiral inductors are implemented
with the 6-um-width top metal except that the last stage of the PA uses
the 15-um-width inductors to handle high current. The chip area
including all probe pads is 0.9 mm X 1.8 mm. The IC consumes power
consumption is 155.7 mW from 1.8-V supply. The PA consumes most
of the power due to its high-power driving performance.

The transimpedance gain Zr is obtained indirectly by measuring two
frequency responses of the APD and the entire PWI IC, respectively, as
shown Fig. 2-5-2. Zr as a function of frequency can be expressed by the

equation

v, (N _JBUNZ,

‘lph‘

Zr(f)=

i\
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where P, ( f) is the output power at Z, load. Since i,, is the low-

frequency approximation of the output current of the APD, i,, becomes

Pipp Siow)
Z

0

| iph |: |iAPD (f;ow)| =

where i pp (f), P4prp(f), and fi,, are the APD output current, the APD

output power, and the low frequency near DC. Then Z7 can be rewritten

as follows
ZT(f):ZO\/E:ZO\/B;(f) P(f)
Pipp (fiow) P(f) Ppp(fi)
=Z, ‘S”L(f)‘z =7, M
oo i) [Saen (i)
or

Zr a5 (f) =2010g,0(Z0) + 82 pwr.a5 () = S21.4pp.a5 (Sion)
=33.98+ 8, pw1.as () = S21.4p0.05 (fion)
where P; ( f), S21.4prp, and Sy pwr are the input power available from the
network analyzer to the optical transmitter and the forward
transmission coefficients of the APD and the PWI IC. Fig. 2-5-3 (a) and
(b) show the measured 5>, of each at the APD bias of 9.6 V. From these
S>1 results, the transimpedance gain is obtained as shown in Fig. 2-5-3
(c). The simulated transimpedance gain is also plotted for comparison.

The results show a good agreement between the simulated and
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measured gain except that the measured data have slightly lower peak
gain and lower peak-gain frequency than the simulated data. The
measured peak gain is 79.9 dBQ at 5.42 GHz. The 3-dB bandwidth is
about 0.5 GHz from 5.2 to 5.7 GHz.

The input circuit noise i, . is obtained by measuring the output noise
power of the PWI IC. During this measurement, the APD is operated in
the dark condition so as not to include the APD shot noise in the output
noise. The noise measurement setup is identical to the setup for the
APD noise measurement as shown in Fig. 2-3-6. Fig. 2-5-4 (a) shows
the simulated and measured output noise power density at the APD bias
of 9.6 V. At 5.4 GHz the measured noise power is 1 dB lower than the
simulated one and it is believed that the fabricated amplifier has 1-dB
lower gain characteristic than simulation at this frequency. For low
output noise region the measured results show higher level than the
simulated results. This is caused by a measurement inaccuracy due to
the sensitivity limit of the noise measurement setup. The peak output
noise power is about -130 dBm/Hz at 5.42 GHz. The input circuit noise
current is obtained by dividing the output noise power by the measured
transimpedance gain and the result is shown in Fig. 2-5-4 (b). The
measured input noise current is well matched with the simulated one at

frequencies of interest near 5.4 GHz. Discrepancies at other frequencies
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are caused by the noise measurement inaccuracy mentioned earlier. The
measured minimum noise current is about 7.3 pA/NHz at 5.38 GHz.
Fig. 2-5-5 shows the calculated and measured output total noise
power at 5.4 GHz at different APD bias voltages. In this measurement,
the APD is operated in the illumination condition with the incident
optical power of —8 dBm so as to include the APD shot noise in the
output noise. The calculated output total noise power is obtained by
using the input APD noise current shown in Fig. 2-3-7 and the
measured input circuit noise current and transimpedance gain. A very
good agreement between calculation and measurement is seen in both
circuit-noise and APD-noise dominant bias regions. This agreement
justifies the bias-independent unified APD circuit model and the input-

referred APD and circuit noise model.
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2-5-2. Data Transmission

The fabricated PWI IC is demonstrated by data transmission of 54-
Mb/s 64QAM OFDM 802.11 WLAN signals in 5-GHz fiber-wireless
downlink. Fig. 2-5-6 depicts the demonstration setup. A WLAN
transmitter which is a vector signal generator generates WLAN signals
with the carrier frequency of 5.4 GHz. The optical transmitter
consisting of an 850-nm laser diode and an EOM converts the WLAN
signal from the WLAN transmitter into the optical signal. Input
electrical power from the WLAN transmitter is set to —21 dBm because
the signal with larger power is nonlinearized by the EOM. The optical
signal is injected into the PWI IC through a 2-m-long multimode fiber
and a lensed fiber. The PWI IC converts the optical signal into the
wireless signal again, and the output signal is down-converted and its
error vector magnitude (EVM) performance is evaluated by the WLAN
receiver consisting of a mixer, a frequency synthesizer, an amplifier,
and a vector signal analyzer.

Before measuring the EVM, the output power and the SNR of the
PWI IC are obtained first. Fig. 2-5-7 (a) shows the measured output
signal and noise powers at 5.4 GHz as a function of APD bias. The

incident optical power is —8 dBm. The noise power data in this figure
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are identical with Fig. 2-5-5. As the APD bias increases, the signal
power also continuously increases due to increased avalanche gain.
However, the increase of the noise power is slower than the signal
power at the low APD bias region and faster at the high APD bias
region. As a result, there exists APD bias region maximizing the SNR.
Fig. 2-5-7 (b) shows the SNR performance at different APD bias. From
the low bias, the SNR increases continuously until having the peak
value of 35.5 dB at the APD bias between 9.6 V and 10.0 V. After that,
the SNR declines rapidly due to the large APD shot noise.

Fig. 2-5-8 (a) shows the measured EVM at different APD bias
voltages. The EVM is inversely proportional to the SNR shown in Fig.
2-5-7 (b), and the minimum EVM of 2.66% is obtained at 9.6-V APD
bias. Fig. 2-5-8 (b) shows the EVM at different optical input powers. At
low powers, the link performance degrades as optical input power
decreases because the output signal power is reduced proportional to
the optical input power but the noise power is not much reduced due to
the circuit noise. Improvement in EVM and SNR with increasing
optical IF power saturates from —8 dBm and it is believed that it is
limited by the WLAN receiver. For 5.6% EVM, which is required in
64QAM modulation specified in IEEE 802.11 standardization [35], the

optical input sensitivity is about —13 dBm. EVM degradation caused by
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PWI IC nonlinearity is not seen because photodetection current is much
lower than expected in the power budget shown in Table 2-1. This is
caused by using small RF input power for EOM. Fig. 2-5-9 shows the
measured power spectrum of the PWI IC output signal and
demodulated data at the WLAN receiver at the optimum condition,

which is the APD bias of 9.6 V and the optical input power of —8 dBm.

54-Mb/s 64QAM
OFDM 802.11a data

WLAN
Tx
5.4 GHz WLAN Rx
-21 dBm Fiber serern :
Mixer Amp :
Optical 5-GHz \é?g;gll’
Tx PWI IC 200 MHz | Analyzer

Frequency
Synthesizer

Fig. 2-5-6. Demonstration setup for 54-Mb/s 64QAM OFDM 802.11a
WLAN data transmission in fiber-wireless downlink using 5-GHz PWI
IC.
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2-6. Summary

The 5-GHz PWI IC in standard 180-nm CMOS technology is
implemented with the accurately characterized on-chip APD. The
experimental results including demonstration show its feasibility for
realizing low-noise fiber-wireless link. Design and demonstration

results of the PWI IC are summarized in Table 2-3.
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Table 2-3

Performance summary of 5-GHz PWI IC.

DESIGN RESULTS
Technology 180-nm RFCMOS
P’/N-well APD
Photodetector
(10 um x 10 um)
Frequency 5.4 GHz

Peak Transimpedance Gain

79.9 dBQ at 5.42 GHz

Output 1-dB Comp. Point

13 dBm (simulation)

3-dB Bandwidth

0.5 GHz
(from 5.2 to 5.7 GHz)

Minimum Input Circuit Noise

7.3 pA/NHz at 5.38 GHz

Power Consumption

155.7 mW at 1.8-V supply

Chip Area

0.9 mm % 1.8 mm

DEMONSTRATION RESULTS

Data Rate

54 Mb/s 64QAM

Optical Input Sensitivity

—13 dBm for 5.6% EVM

Optimum APD Bias Voltage

9.6V

Minimum EVM

2.66%

at —8-dBm optical power

62



3. 60-GHz Silicon Photonics-Wireless Interface I1C

3-1. Introduction

As mentioned in chapter 1, 60-GHz PWI ICs were developed with
two different approaches, which are the IF-over-fiber structure and the
baseband-over-fiber structure. First, a 60-GHz silicon balanced
SHOEM based on an APD pair in standard BICMOS technology is
developed for IF-over-fiber RAU [21], [36]. The APDs in BiCMOS
technology are realized with CMOS process layers, so they are
identical to APDs in CMOS process. The block diagram of the 60-GHz
PWI utilizing the balanced SHOEM is shown in Fig. 3-1-1. IF-
modulated optical data are converted into 60-GHz wireless data by the
SHOEM. An external 30-GHz LO source is used for subharmonic
mixing.

The second approach is a 60-GHz silicon PWI IC for baseband-over-
fiber RAU which is integrated baseband photoreceiver and millimeter-
wave transmitter as shown in Fig. 3-1-2 [37]. The integrated 60-GHz
PWI IC consists of an APD, a transimpedance amplifier (TIA), a
variable-gain amplifier (VGA), a BPSK modulator (BPSK MOD), and

a PA. BPSK is chosen for wireless data modulation since it is one of the
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modulation formats in 60-GHz standards [1], [2] and simplest to
implement the modulator circuit.

This chapter is divided into two parts by the approaches. Section 3-2
describes the balanced SHOEM. And section 3-3 and 3-4 discusses
circuit implementation and experimental results of the integrated 60-
GHz PWI IC, respectively. Full descriptions of two approaches from

device design to demonstration results are given in each part.
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3-2. Approach I — Balanced Subharmonic Optoelectronic
Mixer Based on APD Pair

3-2-1. Operation Principle

This section reviews the operation principle of single and balanced
SHOEMs based on APDs described in [36]. The SHOEMs use the
nonlinear photodetection characteristic of the APD that the avalanche
gain M(V) is a function of the APD bias Vpp and increases abruptly as
Vpp approaches the avalanche breakdown voltage. Fig. 3-2-1 shows the
schematic and the operation principle of the single SHOEM. When the
LO signal is applied to the APD biased at Vpp near breakdown, the
avalanche gain is modulated by LO and, consequently, the photocurrent
i,» induced from the optical IF signal is frequency up-converted to the

RF band. i,,(f) can be expressed by

iph (O =i,(OM Ve +v,0(0))
=M, (v, (1)

where i(f) is the intrinsic IF photocurrent before avalanche
multiplication process, vio(f) is the LO voltage to be applied to the

APD, and Mi(v.o(?)) is the avalanche gain at the APD bias of Vpp.
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Applying
i,(t) =1, cosw,t,
v,o(t)=V,,cosm,t,
and the power series expansion for M(v.o(?))
M, (v,, () = m, +my,, () +m,vi,(t)+myv;, (1),
ipn(f) can be rewritten as follow

I,.Qm,+m,V;’ 1.(4 + }
iph(f): i ( m02 m, LO)COS(O[FH- i leLO8 3m3VLO)COS(0)LOia)IF)t

3

I.mV> I,.m},
+E2L0 cos2w, , £ @ )t+’FT3LOcos(3a)LO tw, )t

where Ijr, wir, Vio, and wyo are the amplitudes and the frequencies of
the IF photocurrent and the LO voltage applied to the device,
respectively. The desired conversion efficiency of the SHOEM is
determined by the second-order nonlinear coefficient m, and Vip. m;
can be maximized by proper Vpp, but maximizing Vo requires a large-
size area-inefficient 1;0/4 open stub to isolate LO and RF ports [38].
Without the port isolation, the most of supplied LO power passes to the
RF port through the APD, and do not contribute to the frequency
conversion. The APD junction capacitance also reduces Vo because it
lowers the junction impedance at high frequencies such as 30 GHz for
this design and then larger LO power is consumed by the APD parasitic
components such as the series resistance. The device shrink can be a
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solution for smaller junction capacitance but limited by the spot
diameter of a lensed fiber for injecting the optical signal.

The drawbacks of the single SHOEM can be solved by using the
balanced SHOEM based on an APD pair [21]. The schematic and the
operation principle of the balanced SHOEM are shown in Fig. 3-2-2.
The structure of the APD pair is similar to singly balanced frequency
doublers based on full-wave rectifying [39], [40]. Optical IF signals
injected into two APDs generate in-phase photocurrent. The optical
window area of each APD has half size of the APD using the single
SHOEM in order that the total optical window of the balanced SHOEM
is identical to the single SHOEM. When LO signals are differentially
applied to the APD anodes, they modulate avalanche gain of two APDs
in the opposite direction. Since the APD pair acts as a full-wave
rectifier for the LO signals, a train of half-sinusoidal pulses consisting
of even harmonics are produced, among which the second harmonic is
dominant. Therefore, the resulting photocurrent 7, at the RF port given
by

Ly (1) = 1, (D) + 1, (2)

= %ii (t)MV (VLO () + %ii (t)MV (_VLO ()

2

I,.(2m,+m,V} LymyV,
_ Ly (am, 2w)cosa)mﬁ%cos(zwwiw,F)t

2

has the frequency up-conversion component only at 2mw;,0 £ .
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Because all the odd LO harmonics including the fundamental are
rejected inherently, it requires no filtering of unwanted harmonics.
Moreover, because the common node for two APDs acts as a virtual
ground for LO, the inherent port isolation can be performed without the
open stub as an advantage for smaller chip area. Also, the half-size
APD has the smaller junction capacitance and is much effective to
enhance the mixing efficiency while the responsivity is not much
reduced because the total size is identical to the single SHOEM.
Performance of the single and balanced SHOEMs is compared with
the total optical window of 10 ym x 10 um. The SHOEMSs are realized
with CMOS process layers in IHP’s 250-nm SiGe:C BiCMOS
technology [41]. Fig. 3-2-3 shows measured 60.1-GHz up-converted
RF signal powers of two SHOEMs at different APD bias voltages and
30-GHz LO powers, respectively. 0-dBm 100-MHz optical IF signal is
used for these measurements. The balanced SHOEM has 11-dB
conversion efficiency improvement over the wide range of bias

voltages and LO powers.
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3-2-2. Comparison of Common-N and Common-P Pairs

For the balanced SHOEM, two configurations for APD pairs are
possible: common-N and common-P depending on the APD common
RF output terminal as shown in Fig. 3-2-4. In the common-N type, LO
signals are injected into the anodes of the pair, and RF output signals
are collected from the common cathode as shown in Fig. 3-2-4 (a). In
the common-P type, APDs are configured in the opposite direction as
shown in Fig. 3-2-4 (b) so that RF signals are collected from the
common anode.

DC, AC, and 60-GHz up-conversion characteristics of two types of
balanced SHOEMs fabricated with 250-nm BiCMOS technology are
compared to figure out the optimized structure. Fig. 3-2-5 (a) and (b)
show the top-view layout and schematic cross-section of the common-
N type. A pair of vertical PN junctions is formed by two separated P*
regions and common N-well region. Each junction has the lateral
dimension of 4 um x 10 pm separated by 2 um. The optical signal is
vertically injected into two APDs through a lensed fiber having a spot
diameter of 10 pm. The photocurrent is extracted from common N-well
and collected into the RF output terminal. Differential LO signals are

applied to P* regions. The top-view layout and schematic cross-section
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for the common-P type are shown in Fig. 3-2-5 (c) and (d). Two
separated N-well regions form independent cathodes for differential LO
input signals. They are separated by 6 um so that they are not affected
by dopant diffusion. Each junction has the lateral dimension of 4 um x
14 um. The optical window size is little larger than the common-N type
due to the separation between the N-well regions. RF output is
collected from P region in each N-well.

Fig. 3-2-6 shows current-voltage characteristics of two types under
illumination and dark conditions. For illumination, the incident optical
power of 0 dBm is injected into the devices. Avalanche breakdown
voltages of two types have the same value of 11.2 V. The common-N
type has much higher currents than the common-P type before
avalanche breakdown. This is because both P*/N-well junction and N-
well/P-substrate junction contribute to output currents. N-well/P-
substrate junction generates larger drift and diffusion currents than
P"/N-well junction because of lower doping concentration and larger
charge neutral region [30]. The difference in currents decreases as
avalanche currents in P"/N-well junctions become larger near avalanche
breakdown.

Fig. 3-2-7 shows relative photodetection frequency response of two

types at the 11.0-V APD bias. The common-N type has 5.1-dB higher
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response at low frequencies, but the common-P type has 1.7 times
wider 3-dB bandwidth. Discrepancies of two responses can be
explained by two factors: frequency-independent decrease of 2.7 dB in
the common-P type and frequency-dependent increase of 2.4 dB at low
frequencies in the common-N type. The frequency-independent
decrease in the common-P type is caused by inefficient optical coupling.
As shown in Fig. 3-2-5, the common-P type requires more spacing to
separate two APDs than the common-N type, and therefore the
common-P type absorbs less light than the common-N type, resulting in
frequency-independent loss in the photodetection response.

The frequency-dependent increase in the common-N type originates
from N-well/P-substrate junction effect. As mentioned earlier, N-
well/P-substrate junction increases total photocurrents of the common-
N type, so it increases the photodetection response at low frequencies.
However, because carriers generated in this junction reach the output
terminal by slow diffusion process [30], the increase vanishes at high
frequencies, resulting in a decrease in the 3-dB bandwidth from 2.18
GHz to 1.25 GHz.

Fig. 3-2-8 shows 60.1-GHz up-converted RF signal powers of two
types at different APD bias voltages. 100-MHz optical IF signals and

18-dBm 30-GHz LO signals are used for up-conversion measurements.
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The up-converted power increases as the APD bias voltage increases,
and it maximizes at 11.0 V. And the common-N type has 4 dB higher
up-conversion efficiency than the common-P type.

As a result, the common-N type shows better up-conversion
performance and the common-P type shows wider 3-dB IF bandwidth
performance. This observation will be very useful for selecting the

optimal device structure of silicon APD pairs for given applications.

LO+ LO+

Optical IF
Optical IF

Fig. 3-2-4. Device configuration of (a) common-N and (b) common-P
balanced SHOEMs.
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3-2-3. Data Transmission

60-GHz fiber-wireless downlink transmission is demonstrated using
the balanced SHOEM. The common-N type is chosen for the balanced
SHOEM to maximize up-conversion efficiency. Fig. 3-2-9 shows the
experimental setup based on double-sideband self-heterodyne wireless
transmission [42]. In self-heterodyne system, the transmitter
simultaneously transmits up-converted RF signal and LO signal. Equal
power distribution between LO and RF signals maximizes the SNR of
received signals. The square-law mixer at the receiver down-converts
received RF signal by self-mixing of co-transmitted LO and RF signals
without any oscillators. Frequency and phase errors of transmitted LO
signal are canceled out. Therefore, self-heterodyne systems enable low-
cost and high-quality data transmission without high-performance LOs.
In CO, an EOM modulates 850-nm light with 25-Mb/s 32QAM data at
110-MHz carrier generated by a signal generator. Although the
photodetection bandwidth of the SHOEM is about 1.25 GHz, relatively
small optical IF of 110 MHz is used. This is because there is impedance
mismatch between the SHOEM output port and the 60-GHz PA input
port. This problem can be solved by adding integrated circuits for

impedance matching at the SHOEM.
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The modulated optical signals are transmitted to RAU through 4-m-
long multimode fiber (MMF). In RAU, transmitted signals are injected
into the SHOEM. 30-GHz differential LO signals generated by a signal
generator with a 180-degree hybrid are also applied to the SHOEM in
an on-wafer probing setup. 60-GHz up-converted RF signals are
amplified by a PA having 27.5-dB gain and radiated to mobile terminals
using a 24-dBi horn antenna. The inset of Fig. 3-2-9 shows the
measured power spectrum of transmitted signals at RAU. Lower-
sideband (LSB) and upper-sideband (USB) signals at 59.89 and 60.11
GHz, respectively, are shown in the spectrum. After 1-m wireless
transmission, the signals are received by another horn antenna and
amplified by an LNA having 18.3-dB gain and 4.8-dB noise figure.
Then, they are detected by a Schottky diode.

EVM and SNR performances of recovered data at the output of the
mobile terminal are analyzed with a vector signal analyzer. The
measured minimum EVM and SNR are 2.4% and 28.6 dB at 11.1-V
APD bias, 12-dBm LO, and 0-dBm optical IF. Power spectrum and
constellation of output data at this condition are shown in Fig. 3-2-10.
The results indicate 2.7% enhancement in EVM with 8 dB lower LO
power, compared to the link using the single SHOEM reported in [20].

Fig. 3-2-11 (a) shows EVM and SNR versus LO powers. Increasing
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LO power enhances frequency conversion efficiency of the SHOEM
and improves EVM and SNR because the link noise is dominated by
avalanche photodetection and not influenced by LO power. With LO
power over 12 dBm, however, EVM and SNR begin to degrade. This is
caused by increase in currents with higher LO power which shifts the
APD bias away from the optimum. The results show that LO power can
be reduced to 2 dBm for 5% EVM, which is a reasonable requirement
for many applications. For example, 64QAM modulation specified in
60-GHz WLAN standardization requires 5.6% EVM [2]. Such LO
powers can be achieved with silicon integrated 30-GHz oscillators.
EVM and SNR versus optical IF power are shown in Fig. 3-2-11 (b).
The link performance degrades as optical IF power decreases because
the output SNR of the SHOEM is reduced. However, improvement in
EVM and SNR with increasing optical IF power saturates at about -10-
dBm optical IF power. This is due to the nonlinearities in the link
caused by the EOM. For 5% EVM, optical input sensitivity is about -15
dBm. With this sensitivity, this scheme can be used up to several
kilometers of MMF having, for example, attenuation of 2.3 dB/km and
effective modal bandwidth of 4700 MHz:km as is the case for Corning

ClearCurve multimode fiber.
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Fig. 3-2-9. Experimental setup for 60-GHz fiber-wireless downlink
based on double-sideband self-heterodyne wireless transmission. The

inset shows measured power spectrum of transmitted signals at RAU.
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Fig. 3-2-10. (a) Power spectrum and (b) constellation of output IF
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the optical IF power of 0 dBm.
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3-3. Approach II — Integrated Baseband Photoreceiver and

Millimeter-Wave Transmitter: Circuit Implementation

The 60-GHz silicon PWI IC for baseband-over-fiber RAU is divided
into two parts, which are a baseband photoreceiver and a 60-GHz
transmitter [37]. The baseband photoreceiver is composed of an APD, a
TIA, and a VGA. On the other hand, the 60-GHz transmitter consists of
a 60-GHz BPSK modulator and a 60-GHz PA. The entire circuit is
integrated in a single substrate with IHP’s 250-nm SiGe:C BiCMOS
technology [41].

Table 3-1 shows power budget for the optical input power range
from —10 to 0 dBm. The VGA gain rage is set to 20 dB to maintain
PWI IC output power. Gain of each stage, which is TIA, VGA, and 60-
GHz Tx, is set to 70 dBQ, —10 to 10 dB, and 15 dB for 5-dBm output
power. Linearity of each stage is carefully considered to handle the

expected power from the budget.
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Table 3-1
Power budget for 60-GHz PWI IC.

GAIN POWER
Optical Input Power - —10 to 0 dBm
PD Responsivity 0.1 A/W -
Photodetected Current - —100 to —80 dBA
TIA Gain 70 dBQ -
TIA Output Voltage —30to —10 dBV
VGA Gain —10 to 10 dB
VGA Output Voltage —20 dBV
60-GHz Tx
) . 15dB
Conversion Gain
PA Output Voltage - —5dBV«
PA Output Power
- S dBm
w/ 50-Q Load
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3-3-1.Baseband Photoreceiver

The baseband photoreceiver consists of the APD, the TIA with a DC-
balanced buffer, and the VGA. The APD uses vertical PN-junction
formed between P* source/drain region and N-well region having an
optical window of 10 pm x 10 pm. This is identical to the APD in
CMOS technology mentioned in section 2 since it is realized with
CMOS process layers in BiCMOS technology. The APD has the
avalanche breakdown voltage of 12.2 V and the maximum responsivity
is about 15.4 A/W, and its maximum 3-dB photodetection bandwidth is
about 3.5 GHz [43].

Fig. 3-3-1 shows the schematics of the TIA and the following DC-
balanced buffer. As shown in Fig. 3-3-1 (a), the TIA consists of a two-
stage common-source differential amplifier with 3.1-kQ shunt feedback
resistors Rr. Even though input light is single-ended, another dummy
APD is used to deliver symmetric impedance to the differential TIA
input. Fig 3-3-1 (b) depicts the DC-balanced buffer composed of an
LPF and a fr-doubler amplifier. This buffer is added after the TIA and
converts pseudo-differential TIA output into fully differential [44]. The
cut-off frequency of the LPF is set to 1 MHz in order to prevent any

DC wander. Fig. 3-3-2 shows the simulated transimpedance gain and
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input-referred noise current of the TIA with the DC-balanced buffer.
For simulations, the equivalent circuit model of the APD is developed
in the same manner discussed in section 2-3. The transimpedance gain
shown in Fig. 3-3-2 (a) is plotted at two conditions whether the model
considers the transit time effect or not. The simulated gain at low
frequencies i1s about 68 dBQ. And the 3-dB photodetection bandwidth
is about 4.7 GHz without the transit time effect, but it diminishes to 2.7
GHz with the transit time effect. Thus, the APD is the bandwidth
limiting block as all other blocks can have wider bandwidth with high-
speed design. The input noise current shown in Fig. 3-3-2 (b) is 4.5
pA/~Hz at low frequencies and 0.317 pAm, accumulated within the
bandwidth of 2.7 GHz.

Fig. 3-3-3 shows the schematic of the VGA which is a two-stage
amplifier with MOS emitter-degeneration variable resistors [45]. The
gain is varied by changing the on-resistance of the MOS with the gain
control voltage Vergr. Fig. 3-3-4 (a) shows the simulated low-frequency
transimpedance gain of the baseband photoreceiver measured at the
VGA output as a function of the gain control voltage. The gain range is
20 dB from —10 to 10 dB as the gain control voltage varies from 1.9 to
2.3 V. The gain at different VGA gains as a function of frequency is

shown in Fig. 3-3-4 (b). The bandwidth at the 10-dB VGA gain is about
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2.57 GHz, and the bandwidth increases as the VGA gain decreases.
This is because gain control is realized by reducing DC gain by emitter
degeneration.

Power consumption of the TIA and the VGA including bias circuits

is 27.7 and 23.7 mW at a 2.5-V supply, respectively.
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Fig. 3-3-1. Schematics of (a) TIA and (b) DC-balanced buffer in
standard BICMOS technology.
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3-3-2.Millimeter-Wave Transmitter

The millimeter-wave transmitter is composed of the 60-GHz BPSK
modulator and the 60-GHz PA. Fig. 3-3-5 (a) shows the schematic of
the 60-GHz BPSK modulator in BICMOS technology. The modulator is
a double-balanced Gilbert-cell mixer with 60-GHz differential LO input.
A balun is used as a load inductor to convert differential modulator
output signals into single-ended signals for PA input. Fig. 3-3-5 (b)
shows the schematic of the 60-GHz PA which is a one-stage single-
ended cascode amplifier. It has an emitter-degeneration inductor to
ensure stable operation. And the output impedance of the PA is tuned to
maximize the power delivered to the oft-chip 50-Q load by using load-
pull simulation.

Fig. 3-3-6 (a) shows the simulated voltage conversion gain of the 60-
GHz transmitter at different LO frequencies with the IF frequency of
100 MHz and the LO power of 3 dBm. Since the BPSK modulator is a
double-sideband modulator, the conversion gain for lower-sideband f;0
— fir, upper-sideband f;o — fir, and both-sideband component, which is
the sum of two sidebands, are plotted. The peak gain for the both
sideband is about 15.8 dB at 55 GHz. The peak frequency is below than

intended and this is caused by a mistake in design. However, the 3-dB
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bandwidth is over 14 GHz from 50 to 64 GHz. Fig. 3-3-6 (b) shows the
voltage conversion gain at different IF frequencies with LO frequency
and power of 59 GHz and 3 dBm. Due to the lowered peak frequency,
the responses of two sidebands are non-symmetric and the upper-
sideband response has lower 3-dB bandwidth of 6 GHz. The bandwidth
of the both sideband is about 8.9 GHz. This indicates the IF bandwidth
is limited by the baseband photoreceiver, not by the 60-GHz transmitter.

Fig. 3-3-7 shows the simulated both-sideband output power as a
function of the input voltage. The output 1-dB compression point is 9.5
dBm at the input voltage of -13.8 dBV. The output return loss at the PA
output is below —10 dB from 53.3 to 64 GHz as shown in Fig. 3-3-8.
The LO leakage at the PA output is below —-19 dBm. Power
consumption of the BPSK modulator and the PA is 44.7 and 67.2 mW

at a 3-V supply, respectively.
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Fig. 3-3-5. Schematic of (a) 60-GHz BPSK modulator and (b) 60-
GHz PA in standard BiCMOS technology.
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3-4. Approach II — Integrated Baseband Photoreceiver

and Millimeter-Wave Transmitter: Experimental Results

3-4-1. Circuit Measurement

Fig. 3-4-1 shows the chip photo of the 60-GHz PWI IC. The chip
area including all probe pads is 0.5 mm x 1.42 mm. The fabricated chip
i1s characterized by on-wafer probing setup. For characterization,
single-tone optical data are injected into the APD with optical input
power monitored by an in-line power meter. The resulting 60-GHz up-
converted electrical signals are measured by a spectrum analyzer.
Measurement loss from probes and cables is deembedded. Fig. 3-4-2
shows up-converted single-sideband output signal powers with optical
signal modulated with single-tone frequencies from 200 MHz to 3 GHz
under varying VGA gains. For this measurement, 3-dBm 59-GHz LO
and —10-dBm optical input signals are used. Measured data show that
the PWI IC executes O/E conversion, amplification, and 60-GHz up-
conversion. Its frequency response at each VGA gain has a flat
response adequate for broadband data modulation.

Fig. 3-4-3 shows the output powers for different optical input powers.

For this measurement, 100-MHz optical signal is introduced to the APD
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and the total output power including both sidebands of up-converted
signals are measured. Output power of 6.8 dBm is achieved at 0-dBm
optical input power. Output power compression occurs because of both

avalanche gain saturation and PA gain compression.

3% APD

2 (dummiy)

Fig. 3-4-1. Chip photo of 60-GHz PWI IC in standard BiCMOS
technology.
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3-4-2. Data Transmission

BPSK data transmission in 60-GHz millimeter-wave photonic
downlink is demonstrated by using the PWI IC as shown in Fig. 3-4-4.
In a central office, an electro-optic modulator modulates 850-nm light
from a laser diode with 1.6-Gb/s 2’—1 pseudo-random binary sequence
(PRBS) data from a pattern generator. The modulated optical signals
are transmitted to the RAU through 4-m multimode fiber, and they are
injected into the PWI IC by using 10-um-diameter lensed fiber.
Differential LO signals are generated from a 180-degree hybrid and a
60-GHz signal generation unit composed of an active frequency
doubler and a 30-GHz signal generator. The LO frequency of 59 GHz is
experimentally chosen for the best transmission performance. The PWI
IC converts the optical signals into BPSK-modulated electrical signals
with 59-GHz carrier as shown in the inset of Fig. 3-4-4. The BPSK
signals are transmitted to the mobile terminal via 2-m wireless channel
using a 24-dBi horn antenna at each side. The mobile terminal consists
of an LNA, a mixer, an LO signal generator, and a BPSK demodulator.
The demodulator is a custom-designed IC and it provides demodulation
up to 1.6 Gb/s [46]. The LO frequency of 55.715 GHz is used for

down-conversion because the demodulator has the best performance at
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the carrier frequency of 3.285 GHz. The demodulated data are analyzed
by a BER tester. Testing with longer PRBS pattern length than 27-1 is
required in order to make sure the PWI IC does not suffer from pattern-
dependent problems, but this was not possible due to the long-term
reliability of our demodulator.

Fig. 3-4-5 (a) shows the measured BERs versus optical input powers
injected into the PWI IC at different VGA gains. As the gain increases
by 5 dB, the required input power for the same BER lessens by about
2.5 dB, equivalent to O/E-converted electrical power of 5 dB. It
indicates that the SNR is limited by the wireless link after the VGA
stage, not by the photonic link. This enhancement is desensitized at the
10-dB gain because the large gain increases noise from the photonic
link, thus affecting SNR. On the other hand, the large VGA gain causes
a nonlinearity problem of the wireless link components, especially the
BPSK modulator and the PA, degrading the BER performance at large
input powers. Therefore, the VGA gain should be controlled according
to the input power level. The minimum input power for BER of 10 is
—10 dBm and for error-free operation is —6 dBm. Eye diagrams of
demodulated data for these two conditions are shown in Fig. 3-4-6.
Thick transition lines are due to intrinsic timing errors in the

demodulator [46].
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Fig. 3-4-5 (b) shows the BER performance at different APD bias
voltages. As the bias increases, the APD avalanche gain also increases
until the bias reaches 14.5 V, which is the maximum avalanche gain
point. Increasing avalanche gain enhances BER at small input powers.
However, it cannot handle large input powers because additional DC
currents induced by optical input signals push the APD bias away
beyond the avalanche breakdown. Therefore, the APD bias should be

carefully controlled for achieving wide dynamic range.
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Fig. 3-4-4. Experimental setup for 1.6-Gb/s BPSK data transmission
in 60-GHz millimeter-wave photonic downlink using 60-GHz PWI.
Inset shows measured power spectrum of transmitted signals with 59-
GHz carrier at RAU.
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3-5. Summary

Two kinds of 60-GHz PWI ICs are developed for IF-over-fiber and
baseband-over-fiber fiber-wireless networks, respectively. A new type
of SHOEM using a balanced APD pair is introduced for enhanced
conversion efficiency. This IF-over-fiber PWI IC will be very useful for
low-cost application using self-heterodyne system. As a baseband-over-
fiber PWI IC, an integrated baseband photoreceiver and 60-GHz
transmitter IC also shows a great potential for realizing cost-effective
RAUEs. It receives optical data and converts them into 60-GHz BPSK
signals in a single silicon chip. It has the optical input sensitivity of —10
dBm and 60-GHz output power of 6.8 dBm. Design and demonstration
results of the 60-GHz baseband-over-fiber PWI IC are summarized in

Table 3-2.
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Table 3-2

Performance summary of 60-GHz PWI IC.

DESIGN RESULTS
Technology 250-nm SiGe:C BiCMOS
P"/N-well APD
Photodetector
(10 pm x 10 um)
Frequency 59 GHz
, . 73 — 93 dBQ (variable)
Transimpedance Conversion

Gain (simulation)

at 59-GHz 3-dBm LO
and 100-MHz IF

60-GHz Output Power At
Optical Input Power

—5dBmat—-10 dBm
6.8 dBm at 0 dBm

Output 1-dB Compression Point

6.8 dBm

Power Consumption
Baseband Photoreceiver
60-GHz Transmitter

51.4 mW at 2.5-V supply
111.9 mW at 3-V supply

Chip Area

0.5 mm x 1.42 mm

DEMONSTRATION RESULTS

Data Rate 1.6-Gb/s BPSK
Frequency 59 GHz
Wireless Distance 2m

Optimum Optical Input Power

—10 dBm for 10 ® BER

Optimum APD Bias Voltage

139V

Minimum BER

Error free

at —6-dBm optical power
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4. Conclusion

Fiber-wireless network has come into the spotlight as mobile users
have been demanding increasingly higher data throughput and wider
usage coverage. The picocells should be densely configured with
enormous RAUs to meet the requirements, and consequently, network
implementation cost is significantly influenced by RAU cost.

This dissertation aimed at low-cost realization of RAU for future
fiber-wireless network based on electronic-photonic integrated circuit
on a single silicon platform. Three different RAU architectures
depending on optical data distribution schemes which are RF-over-fiber,
IF-over-fiber, and baseband-over-fiber schemes were considered, and
PWI ICs for each of RAUs were realized with standard silicon
technology.

Silicon APDs used for PWI ICs were characterized with DC,
optoelectronic frequency response, and S-parameter measurements to
develop an equivalent circuit model for PWI IC design. APD shot noise
characteristic was also measured for investigating optimal SNR design.

The 5-GHz PWI IC consisting of APD, preamplifier, and PA for RF-
over-fiber RAU was developed with standard 180-nm CMOS

technology. Low-noise design was achieved by noise matching
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technique between APD and preamplifier and proper APD biasing for
maximum SNR. Demonstration of 54-Mb/s WLAN data transmission
in 5-GHz fiber-wireless downlink utilizing the PWI IC achieved good
optical input sensitivity of —13 dBm for 5.6% EVM specified in IEEE
802.11 standards.

The 60-GHz balanced SHOEM based on APD pair was investigated
for IF-over-fiber PWI IC. It receives IF optical signals and converts
them into 60-GHz signals simultaneously. This study focused on the
device optimization by comparing common-N and common-P pairs.
The comparison results show that common-N pair has higher
conversion efficiency and common-P pair has wider photodetection
bandwidth. Data transmission in 60-GHz fiber-wireless network was
performed by utilizing the balanced SHOEM based on common-N APD
pair. The demonstration shows great improvement in optical input
sensitivity and LO input power compared to previously reported single
SHOEM.

The 60-GHz PWI IC containing APD, TIA with DC-balanced buffer,
VGA, 60-GHz BPSK modulator, and PA for baseband-over-fiber RAU
was developed with standard 250-nm SiGe BiCMOS technology. It can
convert optically modulated baseband data into 60-GHz BPSK signals

with enough amplification in a single chip. PWI IC performance was
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verified with 1.6-Gb/s BPSK data transmission. BER performance can
be optimized by changing APD bias and VGA gain and optimum
optical input sensitivity of —10 dBm for 10° BER was obtained.

The PWI ICs in this dissertation are limited to downlink 850-nm
applications as standard silicon technology provides silicon PDs for
850-nm wavelength and no waveguide structures required for
modulators. Nevertheless, they validate the feasibility of applying
silicon electronic-photonic  integrated circuit technology for
implementing compact and low-cost RAUs in future fiber-wireless

network.
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