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Abstract

Millimeter-wave optoelectronic mixers (O/E mixers) for fiber-fed
wireless system are investigated based on integration-compatible
electrical devices of InP heterojunction bipolar transistors (HBTs) and
CMOS-based avalanche photodiodes (APDs). The O/E mixers
simultaneously perform photo-detection and frequency conversion and
simplify the antenna base stations. The conversion efficiency
enhancement techniques for O/E mixers with optical LO or electrical
LO are presented to create a high performance O/E mixers.

The InP HBT-based optical injection-locked self-oscillating O/E
mixer (OIL-SOM) scheme that uses optical LO is proposed for the
enhancement of conversion efficiency in long wavelength (1.55 pum)
fiber-fed wireless system. For evaluation, the optoelectronic frequency
conversion efficiency and spurious-free dynamic range of OIL-SOM
that uses the MMIC HBT oscillator are experimentally investigated.
Also, the characteristics of OIL-SOM are directly compared with a
discrete HBT optoelectronic mixer.

Utilizing the HBT-based OIL-SOM in harmonic operation, fiber-fed
30-GHz-band bi-directional link data transmission of 25-Mbps 32-
QAM data and 60-GHz downlink data transmission of 20-Mbps 16-

QAM are successfully demonstrated.

X1



For an inexpensive and highly integrated antenna base station in
short wavelength (850nm) fiber-fed wireless system, CMOS-based
APD O/E mixer is designed for sub-harmonic operation at the device
and structural level. For characterization of the high frequency
operation in detail, the equivalent circuit model of APD is established.
Based on the circuit model and O/E mixing simulation, the APD
devices are down-scaled and optimized for 60-GHz O/E mixing
operation.

The sub-harmonic balanced APD pair O/E mixer is proposed for the
enhancement of conversion efficiency. The prototype balanced APD
O/E mixer is implemented with down-scaled APD pair and measured
with a differential LO supply. The maximum conversion gain of the 60-
GHz balanced O/E mixer is 7 dB, which is about 30-dB higher than

that of the previous O/E mixer.

Keywords: InP, heterojunction bipolar transistor, CMOS, avalanche
photodiode, fiber-fed wireless system, self-oscillating mixer, optical
injection-locking, 60 GHz, millimeter-wave, balanced sub-harmonic

mixer
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1. Introduction

1-1. Fiber-fed wireless system for millimeter-wave
broadband wireless applications

After mobile communication services were commercialized, wireless
communication technologies have been rapidly evolved and have
become ubiquitous throughout our daily lives. Presently, we can use
voice, broadband data and video streaming services through many
types of wireless networks such as cellular and Wi-Fi in many places.
Consequently, the rapid growth of our network usage has created the
demand for higher data rate wireless systems beyond those operating at
gigabit per second throughput.

In general, the future wireless communication system will require a
high frequency carrier with a wide bandwidth that can handle high data
rate signals. Thus, the millimeter-wave band is very attractive for this
application. The 60-GHz band is a particularly promising candidate, as
the 7-GHz-wide license-free band has opened in many countries [1-2].
For the utilization of the 60-GHz band, active research has been
conducted on devices, circuit technologies, and system architecture [3-
8]. Also, the 60-GHz wireless personal area network (WPAN) and

wireless local area network (WLAN) are under discussion at IEEE



802.15.3¢ and 802.11ad working groups [9-10]. Fig 1-1 shows the
millimeter-wave broadband wireless applications.

There are some problems associated implementing a low cost
wireless network using millimeter-wave band. Firstly, due to the high
transmission loss of millimeter-wave in air [11] and requiring a high-
sensitivity receiver for gigabit per second data detection, the wireless
coverage of a transceiver is limited [4]. Thus, the millimeter-wave
wireless systems that use picocell network topology, which require a
large number of antenna base stations, are expected. Second, the
millimeter-wave band circuit implementation is still challenging and it
is therefore hard to increase the transmission power for coverage
extension. Accordingly, networks with simple antenna base station
architecture must be designed carefully for overall cost reduction.

Fiber-fed wireless systems have received much attenuation as a
solution to these problems [12-18]. Fig. 1-2 shows the application
example of the fiber-fed wireless systems on the wireless environment
consisting of many closed areas in buildings and houses. In this system,
the optical fibers connect the numerous number of antenna base
stations to a central station. The optical fiber provides low loss and
large bandwidth for effective linkage of network units. It also offers

easy incorporation ability to the pre-deployed fiber-optic networks.



Fig. 1-3 shows comparison of a conventional baseband-feeder
wireless network and the fiber-fed wireless system. In a conventional
baseband feeder network, control functions such as channel allocation,
modulation/demodulation and channel coding selections are included in
base station, as shown in Fig. 1-3 (a). In fiber-fed wireless system,
however, these functionalities are consolidated in central station as
shown in Fig. 1-3 (b). The modulated RF signals are optically
transmitted via an optical fiber and the antenna base station acts as a
simple optical-to-electrical signal converter. The antenna base station
architecture is therefore greatly simplified resulting in overall cost
reduction. As the optical link from the central station to the antenna
base station is an analog system, the key parameters are overall link

gain, nonlinearity and noise figure.
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1-2. Considerations for fiber-fed wireless schemes

Fig. 1-4 shows the two different fiber-fed wireless schemes that have
been chiefly investigated. In the first scheme, called optical millimeter-
wave transmission [13-16] shown in Fig 1-4 (a), the millimeter-wave
signals are optically generated in the central station for downlink
transmission. After the optical transmission through a fiber, the optical
signals are converted back to electrical millimeter-wave in the antenna
base station for radiation. For uplink, the downlink optical carrier can
be reused to simplify the antenna base station by eliminating the
lightwave source [13, 15]. Although this scheme can provide the
simplest antenna base station architecture with just a photo-detector, an
optical modulator, amplifiers and an antenna, the photo-detector and
modulator operating in millimeter-wave band are expensive.
Additionally, the optical millimeter-wave transmission scheme suffers
from the dispersion-induced carrier suppression effect [19]. Because
the two sidebands of intensity modulated optical signals experience
different phase shifts within the fiber due to chromatic dispersion,
especially in high frequency modulation, the detected electrical signal
power in the photo-detector is periodically suppressed. The optical
single sideband modulation or optical heterodyning methods can solve

this problem with the cost of system complexity [20-21].
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The other approach for the fiber-fed wireless system is the remote
frequency conversion scheme [17-18] shown in Fig 1-4 (b). In this
scheme, the downlink and uplink data are transmitted through the
optical fiber in the immediate frequency (IF) band. The narrow spacing
between the two sidebands of the optical signal in the IF modulation
can mitigate the chromatic dispersion problem. In this scheme, the
antenna base station should support the frequency conversion
functionality between IF and RF bands. Consequently, the antenna base
station becomes complex because the millimeter-wave local oscillation
(LO) source and mixers are necessary. Instead, this scheme no longer
requires the expensive optoelectronic components such as photo-
detectors and modulators operating in millimeter-wave band. Also, the
lower speed optoelectronic devices are relatively easy to be
monolithically integrated with transistor fabricated technologies such as
MMIC (monolithic microwave integrated circuit) and Si CMOS
(complementary metal-oxide-semiconductor) processes.

In the remote conversion scheme, the antenna base station can be
simplified with the optoelectronic (O/E) mixers that utilize the
nonlinear photo-detection characteristics of photodiodes [22-23] or
photo-transistors [24-29]. When electrical LO signals are supplied to

the O/E mixer, the optically injected IF signals are simultaneously



photo-detected and modulated by the LO signals for frequency
conversion as shown in Fig. 1-5. Also, the electrical LO for the O/E
mixer can be replaced with optically supplied LO. Fig. 1-6 shows the
remote frequency conversion architecture utilizing the optical LO
distribution scheme, in which the millimeter-wave LO signals are
generated in the central station and then optically distributed to the
antenna base stations [30-32]. Because the numerous number of
antenna base station can share the optical LO, the overall system cost
can be greatly reduced by replacing the individual phase-locked
electrical LO source.

The photo-detection and conversion efficiencies of an O/E mixer can
directly affect the overall gain and noise figure of the optoelectronic
analog link between the central and antenna base stations. This
dissertation mainly deals with the optoelectronic mixers for the remote
frequency conversion schemes with electrical and optical LO. For both
schemes, the conversion efficiency enhancement techniques for the O/E

mixers are investigated with the feasibility study.
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1-3. Optoelectronic mixers for antenna base station

The fiber-fed wireless system can be implemented with one of the
optical links using either long-wavelength (1.3 or 1.55 um) lightwave
or short-wavelength (850 nm) lightwave. The long-wavelength optical
link has been widely used for long-range and high-speed optical
communication, and there are mature technologies for high-speed
optical components. Additionally, the high-speed optoelectronic device
technologies based on InP-InGaAs materials can be utilized for
implementation of a high efficiency fiber-fed wireless link.

Short-wavelength optical links have recently been receiving much
interest for short-range optical interconnections and access networks.
By utilizing vertical-cavity surface-emitting laser (VCSEL) and multi-
mode fiber (MMF), cost-reduction of the optical link can be
accomplished. Furthermore, the lightwave of the 850-nm wavelength
enables photo-detectors based on complementary metal-oxide-
semiconductor (CMOS) technology for optoelectronic integrated circuit
(OEIC) approaches [33-36]. Fig. 1-7 shows a low-cost fiber-fed

wireless configuration utilizing the short-wavelength lightwave.

11
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1-3-1. InP-based O/E mixer for long-wavelength (1.3 or 1.55 um)
optical link

For the fiber-fed wireless application using the long wavelength
lightwave, several types of O/E mixers have been reported based on InP
high electron-mobility transistor (HEMT) [24-25] and heterojunction
bipolar transistor (HBT) [26-29]. These InP-based photo-transistors can
be beneficial for O/E mixer implementation [37-40]. Firstly, the optical
signals of long wavelength can be detected in the InGaAs layer.
Because the input signal frequency to the O/E mixer is under few

gigahertz, the photo-transistors can provide large photo-detection gain.
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Secondly, the photo-detection gain of photo-transistors can be
modulated by supplied LO through the base or gate terminal so that the
O/E mixing is possible. Lastly, the InP HEMT and HBT are fully
compatible to the MMIC fabrication process [40-41].

The InP HEMT has a large photo-detection gain and excellent
microwave performances. However, the low optical responsivity due to
the shallow InGaAs absorption layer (~few tens nanometer) [42], and
the narrow photo-detection bandwidth due to the photo-voltaic gain
mechanism [42-44] degrades the performance merit of InP HEMT O/E
mixers.

The InP HBT is a bipolar transistor in which the base-collector
junction acts as a photodiode. Thus, the photo-detection bandwidth
follows the electrical speed of the HBT. Also, the thicker absorption
layer between the base and the collector junction compared to the
HEMT enables higher quantum efficiency and optical responsivity.
With these structural advantages, the reported 60-GHz-band InP HBT
O/E mixer exhibits frequency up-converted RF power of about -30
dBm from optical IF power of 0 dBm [45].

The high-speed photo-detection capability of InP HBT enables the
utilization of the optical LO supplied through optical fiber as shown in

Fig. 1-8 [46]. By replacing the electrical LO with optical LO, the base
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terminal of the HBT can be used as the input port for uplink RF signals.

Hence, the InP HBT O/E mixer can simultaneously perform O/E

frequency up- and down-conversion for bi-directional operation. Using

this type of O/E mixer, the bi-directional 60-GHz fiber-fed wireless

data transmission was demonstrated in [46]. However, a disadvantage

of this scheme is that the required optical LO power for sufficiently

high frequency up-conversion must be considerably elevated. Also, the

variation of delivered optical LO power due to differences in the

distance between the central and base stations may seriously degrade

system performance.

Downlink RF

Uplink RF
@fiotfir 2

Uplink IF Diplexer
fi ¢ >
@ IF_2 *"‘--,_ _.--"‘-" @fLoiﬂF_f

fLo O
| | - . _

Optical LO Downlink : |
Optical IF InP HBT

@fiF 1 B

Fig. 1-8. Bi-directional operation of InP HBT O/E mixer with optical

LO supply.
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1-3-2. CMOS-based O/E mixer for short-wavelength (850 nm) optical
link

Because CMOS technology is the most wide-spread and the lowest
cost semiconductor process, CMOS-based photo-detectors have
received significant attention [33-36]. However, there are several
drawbacks of the standard CMOS process for photo-detector
implementation [47-48]. Firstly, the 850-nm lightwave has a long
penetration depth in silicon compared to the narrow depletion width of
a highly doped N-well/P+ or P-well/N+ junction. Thus, it is hard to
obtain high quantum efficiency in CMOS-based photo-detectors.
Secondly, the large diffusion current in the neutral region seriously
reduces the photo-detection bandwidth.

To overcome these disadvantages, the CMOS-based avalanche
photodiode (APD) using the P+/N-well junction was proposed [49-51].
Fig. 1-9 shows the simplified cross section of the CMOS-based APD.
Using the shallow P+/N-well junction for photo-detection, the diffusion
current is rejected for photo-detection bandwidth enhancement. Instead,
the quantum efficiency of the APD is relatively lower than other
photodiodes utilizing the N-well/P-substrate junction. To increase the
photo-detection efficiency, the APD operates around avalanche

breakdown voltage and obtains avalanche multiplication gain for
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enhanced optical responsivity as is schematically illustrated in Fig. 1-9.

For a CMOS-based O/E mixer, the APD is a very promising
optoelectronic device because the avalanche gain of APD has a
nonlinear relationship to the reverse bias voltage. The electrical LO that
is applied in the p-n junction modulates the photo-detection gain and
generates O/E frequency conversion as shown in Fig. 1-10 [22-23].
Also, the CMOS-based APD has a wide photo-detection bandwidth. It
can be utilized for optical IF detection. A 60-GHz CMOS-based APD
sub-harmonic O/E mixer using a 30-GHz LO was reported in [23].
However, in this result, 60-GHz RF power is less than -50 dBm when

0-dBm optical IF and 21-dBm electrical LO pumping are injected.

Top-illumination of 850nm lightwave

. =

Photo-current - Ve +

Photo-current
A

Avalanche
Multiplication
gain

P+/N-well
Jjunction

N-well/P-sub. junction
! Avalanche

Breakdown Voltage

P-substrate

Fig. 1-9. Simplified cross-section of a CMOS-based APD using P+/N-

well junction and DC avalanche multiplication characteristics of APD.
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Fig. 1-10. Operation principle of CMOS-based APD O/E mixer.

1-4. Objective of dissertation

In the antenna base station of a fiber-fed wireless system, the optical
IF signals are photo-detected and frequency up-converted to RF as
shown in Fig. 1-11. If the frequency up-converted RF power is not high
enough, the millimeter-wave amplifier should have a large gain, which
may further increase the complexity of the antenna base station. As
summarized in Table 1-1, the output RF powers of the reported O/E
mixers are relatively low for wireless radiation. The large conversion
loss of the InP HBT O/E mixer with optical LO and the CMOS-based
APD O/E mixer can compromise the merits of a low-cost and simple
fiber-fed wireless architectures based on these components due to large

link loss and signal-to-noise ratio (SNR) degradation.
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The objective of this dissertation is the conversion efficiency
enhancement techniques for millimeter-wave O/E mixers with optical
LO and electrical LO supply schemes. For a long-wavelength fiber-fed
wireless system with optical LO distribution, the InP HBT-based
optically injection-locked self-oscillating O/E mixer (OIL-SOM)
scheme is investigated [52-54]. By utilizing the self-oscillating mixer,
the large LO power can be generated by itself so that high conversion
efficiency can be accomplished. For a short-wavelength fiber-fed
wireless system with electrical LO supply, the CMOS-based APD O/E
mixers are investigated. By utilizing the balanced APD pair structure,

an APD O/E mixer is optimized for sub-harmonic operation.

ixer

-20dBm -10dBm -10dBm

Tx. power

{ 10dBm for
optical _({) Photo- | . : J RF_out 60GHz WPAN)
IF detector
mmw PA
O/E mixer
Tx. power
Required gain of mmW PA =
RF_out

Fig. 1-11. Power budget for antenna base station based on O/E mixer or

conventional cascaded photo-detector, I[F amp. and mixer topology.
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CMOS-based APD

O/E mixer InP HBT with InP HBT with : :
: : with electrical LO
type optical LO [46] | electrical LO [45] 23]
Optical
1550 nm 1550 nm 850 nm
wavelength
Conversion
Poor Moderate Poor
efficiency
IF detection
-15dBm -15 dBm -25 dBm
power (0dBm
with photo-Tr. gain | with photo-Tr. gain | with avalanche gain
optical IF)
Output RF <-40 dBm
power (Depends on optical -30 dBm -50 dBm
(60GHz) LO power)
Limiting factor Insufficient LO Structure & Structure & parasitic
on O/E mixing power parasitic loss loss
Moderate Low-cost solution
Simple ABS
Remarks complexity for optical link and
architecture

(LO source in ABS)

ABS

Table 1-1. Summarized performances of conventional O/E mixers.
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1-5. Outline of dissertation

This dissertation will focus on the conversion efficiency
enhancement of the O/E mixers and the feasibility demonstration in
terms of fiber-fed data transmission. An InP HBT-based O/E mixer and
a CMOS-based APD O/E mixer will be presented in chapters 2 and 3,
respectively. Details of the dissertation outline are as follows.

In chapter 2, the operation principle and characteristics of InP HBT-
based OIL-SOM will be discussed. Section 2-2 shows the
characteristics of MMIC HBT self-oscillating O/E mixer including the
conversion efficiencies, the noise, and the nonlinearities. In section 2-3,
the 30-GHz-band bi-directional fiber-fed link will be demonstrated
using 3 harmonic operation of MMIC HBT OIL-SOM. Also, in
section 2-4, 60-GHz fiber-fed downlink will be demonstrated using 2"
harmonic operation of 30-GHz hybrid OIL-SOM.

Chapter 3 describes the CMOS-based APD O/E mixer with enhanced
conversion efficiency. In section 3-2, the large-signal equivalent circuit
model of the CMOS-based APD and parameter extraction will be
presented. Using the established equivalent circuit model, the device
optimization of the CMOS-based APD for O/E mixer will be discussed
in section 3-3. This section also includes the measurement results of the

CMOS-based APD O/E mixers in different geometric structures for
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verification. Section 3-4 will present the 60-GHz-band balanced sub-
harmonic APD O/E mixer with its operation principle, prototype design,
and measurement results.

Finally, this dissertation will be summarized in chapter 4.
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2. InP HBT-based self-oscillating O/E mixers

2-1. Introduction

This chapter describes the optically injection-locked self-oscillating
O/E mixer (OIL-SOM) based on InP HBT oscillator. Fig. 2-1 shows the
operation principle of the OIL-SOM. The OIL-SOM oscillates by itself
and generates a LO signal for the frequency up/down conversion
process. Thus, the LO power is higher than the optically provided LO
and can be constant over the optical power variation. Through direct
optical injection-locking [55], the oscillation frequency and phase noise

of OIL-SOM follow those of the optically provided LO.

Diplexer

Uplink IF Downlink RF
fp—— —-
@ fr 2 @fiotfe 4 fLO
BPF
. fosc
LO :
Optical

||

Self-oscillating

injection U
locking

| | O‘Tg‘a, \rln.fxer @ fosc
> -
'

Downlink Uplink RF
Optical IF @fiotfir 2
@ fir ) fo

Fig. 2-1. The operation principle of optically injection-locked self-
oscillating O/E mixer based on InP HBT.
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The InP-InGaAs HBT [56-57]" used in this work has a 70-nm thick
undoped InP emitter, a 50-nm carbon-doped InGaAs base, and a 300-
nm-thick InGaAs collector as shown in Fig. 2-2. The optical
illumination is performed through the optical window with a 5-um
diameter on the top layer. The DC optical responsivity of the HBT is of
0.2 A/W at the photodiode (PD)-mode when the base-emitter is shorted.
The electrical current gain cutoff frequency (fr) and the maximum

frequency of oscillation (fn.x) of this device are 153 and 94 GHz,

respectively.
Optical
window
Emitter
contact
Base _— —_—
contact | Undoped InP Emitter I 70 nm
— e . A
Carbon-doped In, s;Ga,.As Base I 50 nm
Collector N~ - doped Iny 53Ga, 47As Collector 300 nm
contact
. —

N* - doped Iny 5:Gag +;As sub-Collector

Semi-insulating InP substrate

Fig. 2-2. Cross-sectional layer structure of the undoped-emitter
InP/Ing 53Gag 47As HBT used in this work.

! The InP/InGaAs HBT used in this dissertation is provided by NTT Photonics
Laboratories, Japan
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In section 2-2, the 10-GHz-band OIL-SOM is realized using a 10-
GHz MMIC HBT oscillator that is based on the InP/InGaAs HBT [55].
For evaluation of the proposed OIL-SOM topology, the optoelectronic
frequency conversion efficiency and spurious-free dynamic range of the
OIL-SOM are experimentally investigated and compared with that of
the discrete HBT O/E mixer. In section 2-3, the feasibility of bi-
directional fiber-fed wireless link is demonstrated in 30-GHz-band
using the MMIC HBT OIL-SOM as a 3" harmonic frequency up- and
down-converter.

For the fiber-fed wireless system in higher frequency band such as
60 GHz, the higher frequency OIL-SOM is needed. Also, for high
efficiency conversion, fundamental or sub-harmonic mixers are more
preferred than higher-order mixers. Fortunately, the 60-GHz-band
direct optical injection-locked oscillator can be implemented with InP
HBT MMIC [58-59], so the 60-GHz MMIC OIL-SOM is also possible
for the 60-GHz-band bi-directional fiber-fed wireless system. In this
work, the 60-GHz hybrid-type sub-harmonic OIL-SOM is implemented
using the discrete InP/InGaAs HBT [56-57]. The characteristics of the
hybrid OIL-SOM and the 60-GHz fiber-fed downlink will be described

1n section 2-4.
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2-2. Characteristics of self-oscillating O/E mixer

This section describes the characteristics of OIL-SOM which is
realized with a 10-GHz InP HBT MMIC oscillator [55]°. Fig. 2-3
shows the circuit diagram of the MMIC oscillator. This oscillator has
common-emitter series feedback configuration, so the base terminal of
the photo-transistor can be utilized as RF input port for frequency
down-mixing operation. Also, the free-running oscillation frequency
can be controlled with a variable resistor implemented with a HBT in
feedback loop. The optical injection-locking characteristic of this

MMIC oscillator can be found in [55] and Appendix.

VCC
? MMIC
HBT
-0 VBB
HBT w Vcnntl
* VcnntZ

.............................................

Fig. 2-3. Circuit diagram of 10-GHz InP HBT MMIC oscillator.

# The 10-GHz InP HBT MMIC oscillator used in this dissertation is provided by NTT
Photonics Laboratories, Japan
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2-2-1. Conversion efficiency of self-oscillating O/E mixer

The major advantage of self-oscillating O/E mixer is higher
conversion efficiency by providing higher LO power. To validate this,
conversion efficiency of the self-oscillating mixer was directly
compared with that of the discrete HBT O/E mixer with the same
measurement setup. Fig. 2-4 (a) and (b) are experimental setups for
measurement of O/E frequency up- and down-conversion, respectively.

10.8-GHz optical LO was generated with the double-sideband
suppressed-carrier method (DSB-SC) [60], in which two optical modes
separated by 10.8 GHz were generated with a Mach-Zehnder modulator
(MZM) biased at Vn and modulation with 5.04-GHz RF signal. For
O/E frequency up-conversion, optical IF signals were generated by
direct modulation of a distributed-feedback laser diode (DFB-LD) with
0.8-GHz IF signals. The optical IF signal with 0-dBm power was
injected to the O/E mixers with the 10.8-GHz optical LO.

The resulting RF powers of 10-GHz lower sideband signals from the
OIL-SOM and discrete HBT O/E mixer were measured with change of
optical LO power and compared in Fig. 2-5. The spectrum in Fig. 2-5 is
the frequency up-converted RF output of the OIL-SOM when optical
LO power is -6 dBm. For frequency down-conversion, the 10-GHz RF

signal with -10 dBm power was injected into the base port of the OIL-
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SOM and discrete HBT O/E mixer while the optical LO signals are also
injected. The 10-GHz input RF signals are frequency down-converted
to 0.8-GHz IF band and measured with RF spectrum analyzer (RF-SA).
Fig. 2-6 shows the resulting IF power as a function of optical LO power.
Also, the spectrum of Fig. 2-6 is the frequency down-converted IF
signal from the OIL-SOM when optical LO power is -6 dBm.

These results show that the OIL-SOM has higher conversion
efficiency and less dependence on optical LO power than the discrete
HBT O/E mixer. The resulting O/E frequency up-converted RF power
from the OIL-SOM is about -30 dBm when the input optical IF power
is 0 dBm. Also, the frequency down-converted IF power from the OIL-

SOM is about -30 dBm when the input RF power is -10 dBm.
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Fig. 2-4. Experimental setup for measurement and comparison of O/E

mixing efficiencies. (a) O/E frequency up-conversion (b) frequency
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2-2-2. Spurious-free dynamic range of self-oscillating O/E mixer

In RF applications, front-end RF components such as LNA and
mixers should have lower noise level or higher conversion efficiency to
meet required SNR. In addition, if the device handles high power
signals, the nonlinear properties are also important because the IMD3
(third-order inter-modulation distortion) signals are located in adjacent
channel and seriously degrade the signal performance.

The OIL-SOM is a sort of front-end device in fiber-fed wireless
system because this device firstly detects the input optical signals. Also,
the frequency conversion processes originate from the highly nonlinear
property of the OIL-SOM so that the generation of IMD3 components
is inevitable. The noise and nonlinear characteristics of a device can be
expressed as a term of spurious-free dynamic range (SFDR). The
MMIC OIL-SOM can be used as an O/E frequency up-converter and
down-converter, and the SFDRs in up-conversion and down-conversion
may be different. So, the SFDR of OIL-SOM was measured when it is
used as an O/E up-converter or down-converter, separately.

Fig. 2-7 shows experimental setup for SFDR measurement of O/E
frequency up-converter. To avoid nonlinearity of DFB-LD, the two-
tone optical IF signals were generated by direct modulation of two

DFB-LDs with 0.46-GHz and 0.459-GHz RF sources, respectively. The
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10.7-GHz optical LO signal is optically injected into the free-running
oscillator. The up-converted fundamental and IMD3 frequencies were
measured with RF-SA after passing through BPF and LNA. For
measurement of the IMD3 of which power is low, the BPF was used for
rejection of high power LO signal, and the LNA with 32-dB gain and
2.2-dB noise figure was used for signal amplification over the noise
floor level of RF-SA. The saturation power of the LNA is high enough
for the nonlinearity measurement. The noise floor was also measured in
the same measurement setup without the optical IF and LO illumination
to reject optical noise influence. From the averaged noise power level
displayed in RF-SA, the gain of LNA and noise figure were subtracted
for calculation of noise floor [61]. Fig. 2-8 shows the measurement
results. The measured SFDR of OIL-SOM in O/E frequency up-

23 which is similar value with

conversion is about 94.7-dB/Hz
previously reported SFDR of discrete HBT O/E mixer [62].

Fig. 2-9 shows the experimental setup for SFDR measurement of
frequency down-converter. The two-tone RF signals in 9.5-GHz band
with 10-MHz separation were generated by different RF sources and
injected to the OIL-SOM through base port of HBT of the oscillator.

Because the high power input RF signals are injected, the spurious

signal level is relatively high so that the amplification was not required.
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For measurement of noise floor, the baseband amplifier with gain of 28
dB and noise figure of 8§ dB was used at the output port of the OIL-
SOM. As shown in Fig. 2-10, the measured SFDR of OIL-SOM in

2/3

frequency down-conversion is about 83.6-dB/Hz™” which is smaller

than that of O/E frequency up-conversion.
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2-3. 30-GHz-band Bi-directional fiber-fed wireless link

demonstration

2-3-1. Bi-directional fiber-fed wireless system

As evaluated in previous section, the MMIC-based OIL-SOM has
simultaneous frequency up/down conversion ability. In this section, the
3 harmonic operation of the OIL-SOM is utilized for 30-GHz-band bi-
directional fiber-fed wireless link demonstration. Fig. 2-11
schematically shows the 30-GHz bi-directional fiber-fed wireless
scheme using the 10-GHz MMIC OIL-SOM as a 3" harmonic
frequency up/down converter in antenna base station. Firstly, the third
harmonic frequency conversion characteristics and phase noise of the
OIL-SOM are evaluated. Based on these results, bi-directional
transmission of 32-QAM (quadrature amplitude modulation) format

data is demonstrated in 30-GHz band.
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Fig. 2-11. Schematic diagram of 30GHz bi-directional fiber-fed
wireless system utilizing 3™ harmonic operation of 10GHz MMIC OIL-
SOM.

2-3-2. Experimental setup and results for 30-GHz downlink

Fig. 2-12 shows the experimental setup for measurement of 3™
harmonic O/E frequency up-conversion characteristics and downlink
data transmission. 10.8-GHz optical LO was generated with the DSB-
SC method and injected into the free-running oscillator. The injection-
locked oscillator generates 3™ harmonic LO signals at 32.4 GHz. The
30-GHz-band output signal from the OIL-SOM was measured with a
spectrum analyzer after passing through a broadband attenuator and a

30-GHz amplifier. A broadband attenuator with a 10-dB loss was used,
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because without it, the 30-GHz amplifier was not impedance-matched
to 50 Q in 10-GHz-band, which would result in unstable oscillation.

Fig. 2-13 (a) shows the spectrum of optically injection-locked 32.4-
GHz LO signals of the OIL-SOM when injected optical LO power is 0
dBm. The reduction of phase noise by optical injection-locking is
observed from single-sideband phase noise measurement results shown
in Fig. 2-13 (b).

Optical IF signals were generated by direct modulation of a
distributed-feedback laser diode with 1.4-GHz IF signals and injected
into the MMIC oscillator through a lensed fiber. The harmonically
frequency up-converted 30-GHz-band RF output is shown in Fig. 2-14.
Also, Fig. 2-14 shows the power of frequency up-converted RF signals
as a function of delivered optical LO power when the input optical IF
power was 0 dBm. The internal conversion gain is defined as the power
ratio of frequency up-converted RF signal to photo-detected IF signal.
Because the photo-detected IF power is -40 dBm in PD-mode, the
internal conversion loss of the harmonic frequency up-conversion using
the OIL-SOM is about 4 dB. The measured conversion efficiency is
nearly independent of optical LO power. However, when the optical LO
power is larger than 4 dBm, the conversion efficiency decreases

because the saturation effect of HBT oscillator under high optical
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illumination made the oscillation power and the conversion efficiency

low.
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Fig. 2-12. Experimental setup for 30-GHz downlink data transmission.

39



CL ~4,048 MR ~19,303J8
RL_~5.1dBs 1048/ 32.4017uHr

- e e — ..

wE|
7 |
| S

T
CENTER =22 .4020082 AN G0, IMie
Figm 1, GMSdp VEW !, Mg e <

= == = Free-running

Injection-locked

=80 -

=90

=100

=110 1

SSB Phase noise [dBc/HZ]

-120

0k 100k 1M
Frequency offset [Hz]

(b)

Fig. 2-13. (a) Spectrum of optically injection-locked 32.4-GHz 31
harmonic LO (b) Measured phase noise of 32.4-GHz 3™ harmonic LO

in free-running and optically injection-locked conditions.

40



MEKR =21,38dBw
10dB/ 32, 4100Hz

3o

CENTER 32.400Hz SHPAN 3, 0000GH:

REBW 1.0MHz VBW 1.0MHz SWIE 50, 0
* : Image signals due to the harmonic mizer (HP 119704)
used for spectrum analyzer,
-15 I
20 4
3 [
— _25 . LO 1
E - ._...---". : . —"""‘--—..
30 = \
k= -
35 i !
) ‘
% -40 4 | !
o 45] 3otfiF L a— *
L AS q————""'-"-"._' T~
-— v »
o 504 :
-55 4
60 —

5 4 2 0 2 4 6
Optical LO power [dBm]

Fig. 2-14. 3™ harmonic LO and harmonically frequency up-converted
RF signal power with change of optical LO power and measured

spectrum when optical LO power is 0 dBm.

41



For downlink data transmission, optical IF signals were generated by
direct modulation of the DFB-LD with 25-Mbps 32-QAM signals at
1.4-GHz IF. The optical IF signals were injected into the OIL-SOM and
frequency up-converted to 30-GHz band as shown in Fig. 2-15 (a). In
practical systems, they would radiate to mobile terminals through an
antenna. For evaluation of the signal quality, up-converted 30-GHz RF
signals were down-converted to 1-GHz IF-band using an electrical
mixer and a bandpass filter, and then demodulated by a vector signal
analyzer. Fig. 2-15 (b) shows the spectrum of down-converted 1-GHz
IF signals.

When both optical LO and IF powers were 0 dBm, the measured
error vector magnitude (EVM) of the demodulated signal was 4.34 %,
which is sufficient for many wireless applications. For example, the
IEEE 802.15.3 standard specifies the transmitter EVM to be less than
4.8 % for 32QAM [63]. The inset of Fig. 2-16 shows the constellation
of demodulated 32-QAM signal. The EVMs were measured as a
function of incident optical LO powers and the results are shown in Fig.
2-16. They show that there is an optimum range of optical LO power
from 0 to 4 dBm. When the optical LO power is less than 0 dBm, the
EVM increases due to phase error increase. On the other hand, when

the optical LO power is larger than 4 dBm, the EVM increases due to
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degradation of conversion efficiency caused by the saturation effect of

the oscillator under high power optical illumination.
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constellation of 32-QAM data demodulated by vector signal analyzer.
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2-3-3. Experimental setup and results for 30-GHz uplink

The experimental setup for 30-GHz-band 3™ harmonic frequency
down conversion and uplink data transmission is shown in Fig. 2-17.
While the optical LO with 10.8-GHz frequency is injected to the OIL-
SOM, the 30-GHz RF signals were injected to the base terminal of the
HBT and harmonically frequency down-converted to 2.2-GHz IF. The
down converted signals were measured with a spectrum analyzer after a
broadband attenuator and a baseband amplifier. The broadband
attenuator was connected to the collector and base terminals of the
HBT for impedance matching in 10-GHz-band. Fig. 2-18 shows the
power of down-converted IF signals as function of injected optical LO
power when the input RF power at base terminal was -2 dBm. The
measured down-conversion efficiency is nearly independent of optical
LO power, which is similar to the case of frequency up-conversion.

For uplink data transmission, the 30-GHz-band uplink RF signals
were generated by frequency up-converting of 25-Mbps 32-QAM
signals with 1.3-GHz IF using an electrical mixer and 31.5-GHz
electrical LO source. After passing through a bandpass filter, an
amplifier, and a broadband attenuator, 30.2-GHz RF signals were
injected into the OIL-SOM for harmonic frequency down-conversion to

2.2-GHz IF-band. The spectrum of uplink RF and down-converted IF
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signal is shown in Fig. 2-19. For optical uplink transmission from
antenna base station to central station, frequency down-converted
signals directly modulated a DFB-LD and the optical uplink signals
were detected by a photo-detector. The link loss of the optical uplink
transmission was about 10 dB.

After optical uplink transmission, IF signals were demodulated by a
vector signal analyzer for evaluation. Fig. 2-20 shows the measured
EVMs as a function of optical LO power. There is an optimum range of
optical LO power from -1 to 3 dBm. The inset of Fig. 2-25 shows the
constellation of demodulated 32-QAM signal when the injected optical
LO and electrical RF powers were 0 dBm and -2 dBm, respectively, in
which the EVM was 547 %. The EVM values from uplink
transmission are relatively larger than those from the downlink
transmission shown in Fig. 2-16. This may be because the lower down-
conversion efficiency of the OIL-SOM compare to the up-conversion
efficiency degrades the SNR of uplink signals more seriously than the

downlink signals.
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Fig. 2-17. Experimental setup for 30-GHz uplink data transmission.
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2-4. 60GHz-band fiber-fed downlink demonstration

2-4-1. 60-GHz sub-harmonic O/E frequency up-converter

In this section, 60-GHz sub-harmonic OIL-SOM is realized using a
hybrid-type 30-GHz HBT oscillator and utilized for 60-GHz fiber-fed
downlink demonstration. The 30-GHz hybrid-type HBT oscillator was
implemented using a discrete HBT [56-57] and external feedback loop
composed of amplifier and bandpass filter as shown in Fig. 2-21.
Because the HBT has sufficient gain of 14 dB at 30 GHz, a free-
running HBT oscillator can be implemented with a simple feedback
loop connecting the collector and base ports through a 30-GHz
bandpass filter with a quality factor of 100.

This OIL-SOM can be directly injection-locked by 30-GHz optical
LO and can generate sub-harmonic 60-GHz LO signal. The inset of Fig.
2-21 shows the 60-GHz sub-harmonic oscillation output of the hybrid
oscillator in optically injection-locked condition. The inset in Fig. 2-22
shows the single-sideband phase noise characteristics of the 60-GHz
LO in free-running and injection-locked. Fig. 2-22 also shows the
phase noise at 10-kHz and 100-kHz offset frequencies measured with
change of optical LO power. When the optical LO power is higher than

-10 dBm, low phase-noise characteristics are maintained. However,
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when the optical LO power is lower than -10 dBm, the HBT oscillator
becomes unlocked and the phase noise increases sharply.

The locking range of the hybrid oscillator is shown in Fig. 2-23. The
locking range increases as the optical LO power increase. However, the
locking range of the hybrid oscillator is less than 1 MHz which is much
smaller than that of the MMIC oscillator (shown in Fig. A-3) due to the
high quality factor (~100) of the bandpass filter. Instead, this high
quality factor has an advantage that the low phase noise of the
injection-locked oscillator can be maintained to quite low power LO
injection as shown in Fig. 2-22.

By injecting the optical IF to the OIL-SOM, sub-harmonic O/E
mixing can be obtained. However, because the base terminal of the
used HBT was occupied for connection of the feedback loop, the bi-
directional operation is not possible. In this work, the hybrid OIL-SOM
is used for sub-harmonic O/E frequency up-convertor for 60-GHz
application. Fig. 2-24 shows the sub-harmonically frequency up-
converted 60-GHz-band spectrum and internal conversion gain of OIL-
SOM as a function of incident optical LO power when the input optical
IF power is -6 dBm. The measured conversion gain is independent of
optical LO power, however, when the optical LO power becomes larger

than 1 dBm, the conversion efficiency decreases. This is because the
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saturation effect of the HBT under high-power optical illumination

lowers the oscillation power of the HBT oscillator.
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Fig. 2-21. Schematic diagram of 30-GHz hybrid OIL-SOM and
spectrum of optically injection locked 60-GHz sub-harmonic LO.
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2-4-2. Experimental setup and results for 60-GHz downlink

Utilizing the OIL-SOM as a harmonic O/E frequency up-converter,
60-GHz-band downlink transmission was demonstrated. Fig. 2-25
shows the experimental setup. Optical IF signals are generated by direct
modulation of a DFB-LD with 20-Mb/s 16-QAM data signal in 100-
MHz IF. Then, the optical IF signals were injected to the OIL-SOM
after 10-km transmission in a single-mode fiber. The 30.21-GHz optical
LO generated by the DSB-SC method was also injected to the OIL-
SOM for injection-locking. The resulting 60GHz-band RF spectrum is
shown in Fig. 2-26. The resulting RF signals were frequency down-
converted to IF band. As shown in Fig. 2-27, the EVMs were measured
as a function of input optical LO power with fixed optical IF power of -
6 dBm. The optimum range of optical LO power is from -11 to 0 dBm
in which the EVMs are maintained in low values. The lower boundary
of this range is caused by the phase noise degradation due to unlocking
of OIL-SOM. On the other hand, the upper boundary is caused by the
conversion efficiency degradation effect in high power optical
illumination shown in Fig. 2-24.

The demonstrated 60-GHz OIL-SOM provides uniform link
performance over optical LO power range of about 11 dB (-11 ~ 0

dBm), which corresponds to substantial margin in system design to
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accommodate fiber length and other variations.
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Fig. 2-25. Experimental setup for 60-GHz downlink data transmission.
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2-5. Summary

The InP HBT-based O/E mixer utilizing the optical LO is a
promising approach for the realization of a simple and low-cost antenna
base station. However, the utilization of the optical LO with a discrete
HBT O/E mixer can induce the disadvantage of yielding low
conversion efficiency due to insufficient LO power.

In this study, the optically injection-locked self-oscillating O/E mixer
(OIL-SOM) based on an InP HBT oscillator was proposed. As
summarized in Table 2-1, the realized MMIC and hybrid OIL-SOMs
show higher conversion efficiency than the discrete HBT O/E mixer
with little dependence on LO power [46]. Also, the conversion
efficiency of the OIL-SOM is not largely different from that of the HBT
O/E mixer which utilizes the electrical LO [45].

For the feasibility study of the OIL-SOM utilization in fiber-fed
wireless system, the 30-GHz-band bi-directional link using the 10-GHz
MMIC HBT oscillator and the 60-GHz data transmission using the 30-

GHz hybrid HBT oscillator were demonstrated.
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IF detection -15 dBm with photo-Tr. gain (for 0dBm optical IF)
10GHz -60 ~-35
-32dBm
Output RF - dBm -
(fundamental)
power (fundamental)
60GHz -35dBm
-30 dBm <-40 dBm
Output RF - (sub-
(fundamental) | (fundamental)
power harmonic)
Conversion
Moderate Poor Moderate Moderate
efficiency
Electrical LO Depends on
Insensitive on optical LO
Remarks source required optical LO
power
in ABS power

Table 2-1. Performance comparison of InP HBT-based conventional

O/E mixers and OIL-SOMs.

61




3. CMOS-based APD optoelectronic mixers

3-1. Introduction

This chapter describes a CMOS-based APD O/E mixer with
enhanced conversion efficiency. For simulation of the APD O/E mixer,
the large-signal equivalent circuit model of the CMOS APD is
established by expanding the previously reported small-signal model
[64] in section 3-2. In section 3-3, the CMOS-based APD O/E mixer is
simulated using the established large-signal model and the CMOS-
based APD is redesigned at device level for conversion efficiency
enhancement of the O/E mixer. Section 3-4 describes the 60-GHz-band
balanced APD O/E mixer that is designed for the improvement of the
sub-harmonic frequency conversion efficiency. The sub-harmonic O/E
mixer utilizes an LO input at half of the desired mixing frequency, so

the complexity of LO source implementation can be reduced.
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3-2. Large-signal equivalent circuit modeling of CMOS-
based APD

3-2-1. CMOS-based APD used in the modeling
Fig. 3-1 schematically shows the cross-sectional layer structure of
P+/N-well junction APD used in this work [49]. The APD is
fabricated in 0.18-um standard CMOS process and the lateral
dimension is 30 x 30 pm®. Fig. 3-2 shows measured I-V curve of the
APD. The DC photo-detection current in low bias voltage is about 2.5
pA for 1-mW optical illumination and the optical responsivity is
0.0025 A/W. As the reverse bias voltage approaches to the avalanche
breakdown voltage (Vgr) of 10.1 V, the photo-current increases due to
the avalanche multiplication process. The peak optical resposivity of
the APD is about 0.4 A/W at the reverse bias voltage of 10.1 V, in
which the avalanche multiplication gain is about 160. When the
reverse bias voltage increases over the breakdown voltage, the
electrical noise current overcomes the photo-current so that the APD
cannot be properly used as a photo-detector. The avalanche gain of
APD, M(V,), is defined as the ratio of photo-current in avalanche

region to the photo-current in reverse bias of 1 V.
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Hence, the photo-current of APDs can be expressed as

Ly =1, M%) (3-1)
where [, is an avalanche photo-current, / ,is a photo-current

without avalanche gain, M (V,)is an avalanche multiplication gain that

depends on the reverse bias voltage.

Top-illumination of 850nm lightwave

l P* contact

Photo-current - Ve +

P*| [N*|s P* s|N*| |P*

P+/N-well junction
N-Well

N-well/P-sub. junction

—E=

30um

b
N-well

P-substrate P-substrate

Fig. 3-1. Schematic cross-section and layout of CMOS-based APD

using P+/N-well junction surrounded by swallow trench isolation (STI).
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Fig. 3-2. Measured I-V characteristics of CMOS-based APD in dark

and 0-dBm optical illumination.

3-2-2. Equivalent circuit model for the CMOS-based APD

Fig. 3-3 shows the equivalent circuit model of the CMOS-based APD.

The avalanche photo-current 7, was modeled with a current source

which depends on both of the photo-current 7, and the avalanche
multiplication gain M (V,), following equation (3.1). An inductive
component L, was inserted in series with the current source to
describe the avalanche transit time in avalanche region [65]. C, and

R, are junction capacitance and drift region resistance. The N-well
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resistance is represented with Ry, and R,. The N-well/P-substrate
junction capacitance is C,, . Also, the parasitic capacitance and

resistance of substrate was modeled with C,, and R,.

N-Port P-Port

L. P*/N-Well junction

Iav=lph = M(VR)

Rs1

Res N-Well

Cp1 =
Cry | > Rp P-substrate

Fig. 3-3. Large-signal equivalent circuit model of CMOS-based APD.

3-2-3. Parameter extraction process and fitting results

Using the equivalent circuit model, the circuit parameters were
extracted for the CMOS-based APD described in section 3-2-1. For
parameter extraction, two-port S-parameter sets were measured with

various reverse bias voltages. The parasitic effect of pads and metal
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interconnections were de-embedded from the measured S-parameters
using pad, open, short method [66].

In the measured DC curve shown in Fig. 3-4, the output current of
the APD has a linear relationship to reverse bias voltage over the
avalanche breakdown voltage. From this result, the parasitic series N-
well resistance of R, + Ry, was initially set as the slope of this I-V
curve. The initial values of capacitances and inductances were set as the
pre-established small-signal model parameters in [64]. Then, by
empirical fitting of measured S-parameters with changing of reverse
bias, the model parameters were extracted.

Table 3-1 shows the extracted parameters at the reverse bias voltages
from 9.8 V to 10.5 V with 0.1-V step. The values of junction
capacitance C, and avalanche inductance L, changes with a reverse
bias voltage in the avalanche breakdown region over 10.1V. Under the
avalanche breakdown region, C, is determined at the constant value
of 350 fF and L, doesn’t exist. Except for these two components, the
other circuit parameters are fixed all over the bias conditions.

The avalanche photo-current model was numerically fitted with an
equation which describes the avalanche gain as a function of reverse
bias across the intrinsic P+/N-well junction as shown in Fig. 3-4. To

obtain the intrinsic I-V relationship, the voltage drop across the series

67



N-well resistance was subtracted from the external bias voltage across
the APD. For simplification, the dark current was ignored so that the
established model is not accurate in photo-detection characteristics in
avalanche breakdown region over 10.1 V.

Fig. 3-5 shows the DC curve fitting results with 0-dBm optical
illumination both in log and linear scales. Fig. 3-6 ~ Fig. 3-9 shows the
measured two-port S-parameters and fitting results with reverse bias
voltage of 9.9, 10.0, 10.1 and 10.2 V. The fitting results are well

matched to measured data over change of bias conditions.
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Fig. 3-4. Measured DC characteristics of CMOS-based APD with 0-

dBm optical illumination in linear scale.

68



Parameters Values

Rg; 5Q

Rsy 35Q

R; 30Q

Rp 120 Q

Cpy 220 fF

Cp2 100 fF

Reverse Bias G L,

9.8V
9.9V -
10.0V 3201
10.1V 12nH
10.2V 250fF 2.6nH
10.3V 200fF 1.4nH
10.4V 160fF 1.0nH
10.5V 120fF 0.8nH

Table 3-1. Extracted circuit parameters.
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Fig. 3-5. Measured DC characteristics and simulation results with 0-

dBm optical illumination in log and linear scale.
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3-3. Optimization of CMOS-based APD for 60-GHz O/E

mixer

3-3-1. Considerations for RF loss of APD O/E mixer

Fig. 3-10 shows 60-GHz sub-harmonic O/E mixer operation of the
CMOS-based APD, in which the APD is described in detail based on
the equivalent circuit model. For O/E mixing operation, 30-GHz LO
applied to N-well of the APD modulates the reverse bias voltage across
the APD. Because the supplied LO power partially contributes on the
voltage swing across the intrinsic P+/N-well junction, the small
impedance across the P+/N-well junction can seriously reduce the
avalanche gain modulation and mixing efficiency. Consequently, the
large parasitic capacitance of N-well to P-substrate junction also can
degrade the mixing efficiency by LO power loss. In high frequencies
such as 30 GHz, the junction capacitance (C,) of about 350 fF
corresponds to the impedance of about 15 &, which is much smaller
than the other parasitic impedances such as series N-well resistances.

Fig. 3-11 shows the 60-GHz sub-harmonic O/E mixing simulation
results using the equivalent circuit model established in section 3-2.
The optical IF and electrical LO powers were set to 0 and 10 dBm,

respectively. The simulated 60.1-GHz frequency up-converted RF
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powers are plotted as a function of reverse bias voltage with change of
the junction capacitance. The simulation result shows that the
dependence of conversion efficiency on the reverse bias voltage and the
junction capacitance. The small junction capacitance is expected to

significantly enhance the conversion efficiency.

VN . Vp
350fF @30GHz = j15.20
30GHz Rs1 Rs2 C, R, 60GHzZ
@ ' W _| | W RF
N-port P-port
+ VR -
Cr1 = e
lay = lpn - M(VR)
Rp sz —_ T
1GHz
Zy.welp-Sub = Optical IF

Fig. 3-10. 60-GHz sub-harmonic O/E mixer operation described with

equivalent circuit model.
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Fig. 3-11. 60-GHz sub-harmonic O/E mixer simulation results with a

plot of the 61-GHz RF power as a function of reverse bias voltage with

change of junction capacitance.
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3-3-2. Design optimization and experimental verification

The junction capacitance and parasitic capacitance strongly depend
on the lateral size of APD. To evaluate the size dependence of CMOS-
based APD O/E mixer, the APDs with different active areas of 10 x 10
um® and 30 x 30 pm® were fabricated in 0.13-um standard CMOS
process.

Fig. 3-12 shows the DC characteristic of the fabricated APDs in dark
and 0-dBm optical illumination conditions. The optical power of 0 dBm
was injected to the APDs through lensed fiber of 10-um spot diameter.
The measured dc optical responsivities of the APDs with 10 x 10 pm?
and 30 x 30 pm” devices are 0.0093 A/W and 0.0124 A/W, respectively
without avalanche gain. The peak avalanche gain for 10 x 10 pm? and
30 x 30 um’ devices are 112 and 121, respectively, at reverse bias
voltage of 10.3 V. This means that both of the photo-detection
efficiency and avalanche gain are not significantly affected by the
device size when the optical coupling efficiency is the same.

Fig. 3-13 shows the measured photo-detection frequency response at
the reverse bias voltage of 10.25 V where the optical responsivity is
maximum. The incident optical power is 0 dBm. As can be seen, 10 x
10 pmz APD has much larger bandwidth (BW 345 = 5.75 GHz) than 30

x 30 umz APD (BW 345 = 2.1 GHz). This is mainly due to the reduced
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RC time constant of the smaller device with smaller junction
capacitance.

For measurement of 60-GHz sub-harmonic mixing efficiency, 30-
GHz LO and 100-MHz optical IF were applied on the APDs. Fig. 3-14
shows the measured powers of 60-GHz harmonic LO and 60.1-GHz
frequency up-converted signals from the two kinds of APDs. The 10 x
10 pm* APD has over 20-dB larger conversion efficiency than the 30 x
30 um’ device. Also, there is a saturation effect of frequency up-

converted RF power which was also observed in simulation results.
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Fig. 3-12. Measured DC optical response of APDs with different device

size.
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In the smaller APD, the conversion efficiency of O/E mixer can be
greatly enhanced. However, the APD with reduced size and small
junction capacitance can suffer from the other parasitic effects. These
effects are significant in the small APD. Firstly, the LO power loss by
the N-well/P-substrate junction capacitance can be highlighted.
Secondly, the smaller lateral area of P+ region can increase the contact
resistance. These parasitic effects were also investigated.

For applying DC reverse bias on the APD, two kinds of
configuration are possible. First one is to bias on N-well (Vy = Vg)
when P+ is grounded (Vp = 0). Second method is to bias on P+ (Vp = -
VRr) when N-well is grounded (Vn = 0). These two bias configurations
make no significant difference in DC and AC photo-detection
characteristics. However, in O/E mixing operation especially in high
frequency, the bias configuration can affect on the conversion
efficiency because the N-well/P-substrate junction capacitance (C,,)
can be changed by voltage across the junction._

Fig. 3-15 shows the measured conversion efficiencies of the CMOS-
base APD O/E mixers with the two types of bias configuration. In this
result, the biasing on N-well shows higher conversion efficiency than
P+ biasing. If the N-well is biased in high voltage, the N-well/P-

substrate junction is also highly reverse-biased so that the junction
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capacitance C,, is reduced. On the other hand, the P+ biasing
remains the N-well to ground and the voltage across the N-well/P-
substrate junction is 0 V in which the junction capacitance C,, is
much larger than former case (see Fig. 3-3).

The parasitic resistances of P+ contact also can degrade the
conversion efficiency. In a CMOS process, the silicide layer is required
to form a low resistance metal contact. However, in optical illumination,
the silicide layer blocks the incident lightwave. Although the silicide
layer does not significantly affect on the photo-detection performance
in the low frequency operation, the O/E mixing performance can be
seriously affected as shown in Fig. 3-16. The contact resistances
estimated from the process documents are about 0 &2 and 10 & with
and without the silicide layer, respectively So, for the millimeter-wave
CMOS-based APD O/E mixer design, the amount of metal contact and
layout should be carefully controlled for both of low contact resistance

and low optical coupling loss.
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3-4. 60-GHz-band sub-harmonic balanced O/E mixer

3-4-1. Operation principle of balanced sub-harmonic O/E mixer

In RF systems, the sub-harmonic mixers have been widely used due
to the several advantages such as easy RF/LO matching and low
frequency LO source requirement [67-68]. Especially in millimeter-
wave circuits, the utilization of a low frequency LO source is highly
efficient for cost reduction. The electrical sub-harmonic mixer can be
implemented with an anti-parallel diode pair as shown in Fig. 3-17 (a).
Because the anti-parallel diode pair offers higher odd-mode nonlinear
coefficient, high sub-harmonic mixing can be obtained from the 31
harmonic nonlinear component.

The nonlinear DC curve of the CMOS-based APD in avalanche
region is very similar with the electrical diode. One different thing is
that the IF signals are optically injected to the APD and linearly
contribute to the output current of the APD. So, the sub-harmonic
mixing can be obtained from the 2™ harmonic nonlinearity. The anti-
podal diode pair structure with differential LO can be used for the sub-
harmonic APD O/E mixer design as shown in Fig. 3-17 (b). This type
of 2™ harmonic enhancement can be found in push-push oscillators

[69-70].
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Fig. 3-18 shows the simulation comparison of 60-GHz sub-harmonic
APD O/E mixers with single-ended and balanced structures using the
equivalent circuit model established in section 3-2. The balanced O/E
mixer shows enhanced conversion efficiency from 7 to 15 dB in this
simulation. The utilization of the differential LO in balanced O/E mixer
should not be a serious drawback in an integrated antenna base station

because LO circuits are usually implemented with a balanced structure

[71-72].
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Fig. 3-17. Operation principles of (a) electrical sub-harmonic mixer
using anti-parallel diode pair (b) balanced APD O/E mixer in anti-podal
APD pair structure.
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Fig. 3-18. Simulated 60-GHz sub-harmonic O/E mixing efficiencies

based on balanced and single-ended structures.

3-4-2. Design of balanced APD O/E mixers

Utilizing the balanced APD pair structure, 60-GHz CMOS-based
APD O/E mixer was designed and fabricated. Fig. 3-19 shows the
cross-section and top-view of the balanced APD O/E mixer fabricated
with CMOS layers provided by 0.25-pum SiGe BiCMOS foundry. Two
separated P+ active regions make vertical p-n junctions in contacts

with the N-well region. By implementing the p-n junctions in a single
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N-well, the cathodes of two p-n diodes are combined as a single node to
make the antipodal diode pair. The two anode electrodes are separately
formed on P+ regions for differential LO injection. Each APD is 4 x 10
um’ with lateral spacing of 2 wm within a 10 x 10 um® square. To
evaluate the performance enhancement by the proposed balanced O/E
mixer, a single 10 x 10 pm? APD O/E mixer was also fabricated within

the same chip.

P+
GND

GND

== »

P-substrate

(b)

Fig. 3-19. (a) cross-section and (b) top-view schematic diagram of
fabricated balanced APD pair.
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3-4-3. Measurement results

Fig. 3-20 shows the DC and IF photo-detection characteristics
measured with a single CMOS-based APD. The fabricated balanced
mixer and single-ended mixer were designed to have total optical
window size of about 10 x 10 um? so that the same lensed fiber with
10-um spot diameter was used for optical coupling. When 0-dBm
optical power is applied to the CMOS-based APD, the peak optical
responsivity is about 0.32 A/W with avalanche gain of about 34 at the
reverse bias voltage of 11.1 V which is slightly below the avalanche
breakdown voltage of 11.2 V. The peak IF detection power is about -31
dBm at the reverse bias voltage of 11.1 V. With reverse bias voltages
over 11.2 V, dark currents rapidly increase and the DC and IF photo-
detection efficiency are suppressed.

The DC and IF photo-detection characteristics of balanced APD pair
are also measured in the same experimental condition. The lateral
photo-detection area of the balanced APD pair is 80 um” which is 20 %
smaller than 10 x 10pm? single APD due to 2-pum spacing between two
separated APDs. However, the small difference in the area does not
significantly affect the optical coupling efficiencies. In addition, the
measured DC and IF photo-detection characteristics of the balanced

APD pair are nearly the same as those of the single APD.
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Fig. 3-21 shows the measurement setup for 60-GHz band sub-
harmonic O/E mixing characteristics. For optical IF generation, 850-nm
lightwave from VCSEL was modulated in MZM with 100-MHz IF
signals. 30-GHz differential LO signals are generated with a RF
synthesizer and a 180° hybrid divider, and injected into the APD pair.
The inset of Fig. 3-21 shows the measured RF spectrum when the 30-
GHz LO power is 22 dBm and the reverse bias voltage is 11 V.

Fig. 3-22 shows the measured 60-GHz sub-harmonic LO and 60.1-
GHz frequency up-converted RF powers obtained from the balanced
and single-ended APD O/E mixers. Supplied LO power was 19 dBm
and the reverse bias voltage is swept from 9.5 to 11 V.

Fig. 3-23 also shows the resulting 60.1-GHz RF powers as a function
of supplied LO power when the reverse bias voltage is fixed at 11 V.
The LO saturation power for balanced APD O/E mixer is about 20 dBm
and the peak frequency up-converted power is about -24 dBm which is
7-dB higher than the peak IF photo-detection power. As can be seen in
the figure, the balanced APD O/E mixer exhibits about 11-dB
conversion efficiency enhancement compared to the signal APD O/E

mixer.
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3-5. Summary

The CMOS-based APD O/E mixer has a significant potential for
implementation into the low cost integrated antenna base station and
short-wavelength fiber-fed wireless system. In this work, based on the
large-signal equivalent circuit model, the CMOS-based APD was
optimized for 60-GHz operation and was used for the implementation
of the balanced sub-harmonic APD O/E mixer. As summarized in Table
3-2, the 60-GHz-band balanced APD O/E mixer in this work has
largely enhanced conversion efficiency compared to the previously

reported APD O/E mixer [23].

[23] This work

Single-ended sub-harmonic Balanced sub-harmonic

O/E mixer type

O/E mixer

O/E mixer

IF detection

-25 dBm with avalanche gain

-30 dBm with avalanche gain

(for 0dBm optical IF) (for 0dBm optical IF)
60GHz Output
-50 dBm -24 dBm
RF power
30GHz
20 dBm 20 dBm
LO power
Conversion
Poor Good
efficiency
Balanced sub-harmonic mixer
Remarks Large parasitic loss

based on optimized APD

Table 3-2. Performance comparison of CMOS-based APD O/E mixers.
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4. Conclusion

Wireless communication technologies have rapidly evolved in speed
and coverage and have become ubiquitous in our daily lives.
Consequently, the growth of our network usage has created a demand
for higher data rate in wireless systems beyond the gigabit per second
throughput. To meet the requirements, a wireless communication
system should use a wide bandwidth surrounding a high-frequency
carrier. Also, the cell coverage is reduced within a dense network
topology. Thus, the network that is designed with simple antenna base
station architecture is critical for cost reduction. For a low-cost antenna
base station design, the MMIC- or CMOS-compatible O/E mixers yield
significant advantages.

This dissertation aimed at the implementation of cost-effective and
simple O/E mixers based on InP and CMOS technologies.

The InP HBT is an excellent optoelectronic device with high optical
responsivity,  nonlinearity = and  high-speed  photo-detection
characteristics for optical LO utilization. However, the utilization of the
optical LO with a conventional discrete HBT O/E mixer induced the
disadvantage of having low conversion efficiency due to the
insufficient LO power.

In Chapter 2, the optically injection-locked self-oscillating O/E
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mixer (OIL-SOM) based on an InP HBT oscillator was proposed. The
electrical LO generation of self-oscillating mixer provides high LO
power for high conversion efficiency while the phase-locking is
accomplished by injection locking by the optical LO. For evaluation of
the proposed OIL-SOM, the conversion efficiency and spurious-free
dynamic range of the OIL-SOM were experimentally investigated
based on the 10-GHz MMIC HBT oscillator and compared with that of
the discrete HBT O/E mixer. Also, the bi-directional fiber-fed wireless
link was demonstrated in 30-GHz band using the MMIC HBT OIL-
SOM as a 3™ harmonic frequency up- and down-converter. The 60-
GHz OIL-SOM was realized with a 30-GHz hybrid HBT oscillator and
utilized for 60-GHz fiber-fed downlink demonstration. The
performance of the fiber-fed wireless link based on the OIL-SOM was
insensitive to the optical LO power.

The CMOS-based APD O/E mixer has a significant potential for the
low cost integrated antenna base station and short-wavelength fiber-fed
wireless system based on VCSEL and MMF. Although the photo-
detection efficiency and speed of CMOS APD is not adaptive for
optical LO utilization, the integration ability of the CMOS process is a
merit of the CMOS APD O/E mixer.

In chapter 3, the CMOS APD O/E mixer was investigated. This study

95



has focused on the device optimization and the application of RF circuit
technologies. Based on the large-signal equivalent circuit model, the
CMOS-based APD was optimized at device level for operation at 60-
GHz. The balanced APD O/E mixer was proposed for the enhancement
of sub-harmonic conversion efficiency. Also, the prototype of the 60-
GHz-band balanced APD O/E mixer was implemented with the down-
scaled CMOS-based APDs. The implemented balanced APD O/E mixer
has largely enhanced conversion efficiency compare to the previously
reported APD O/E mixers, and offers conversion gain of about 7 dB in
a 60-GHz band.

The OIL-SOM and balanced O/E mixer should be very eftective O/E
frequency conversion techniques for the realization of the compact and
cost-effective future broadband wireless communication systems. The
OIL-SOM allows us to effectively utilize the optically distributed LO
for simple antenna base station architecture. Also, the balanced O/E
mixer structure can be widely used in long- and short-wavelength fiber-
fed wireless systems for effective sub-harmonic O/E frequency

conversion.
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Appendix

A-1. Optical injection-locking of MMIC HBT oscillator

In applications environment, many factors can vary self-oscillating
frequency of OIL-SOM. So, if the frequency difference between the
free-running oscillator and injected optical LO is too large, the
oscillator cannot be locked by the injected optical LO. Consequently,
obtaining a large locking range is an important feature of OIL-SOM for
stable operation. The locking range is defined as the frequency
deviation which allows injection-locking.

Fig. A-1 shows the experimental setup for optical LO generation and
measurement of optical injection locking range of the MMIC oscillator.
When the 10.8-GHz optical LO was injected into the free-running
oscillator, the oscillator was injection-locked by the optical LO. Fig. A-
2 shows the measured spectrum of the 10-GHz oscillation output signal
in free-running and optically injection-locked conditions. By optical
injection-locking, the phase noise of the MMIC oscillator is suppressed
and follows to that of injection source.

The locking range of injection-locked oscillator depends on the
incident optical LO power. Fig. A-3 shows the measured locking range

of the oscillator in which the locking range increases as the power of
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optical LO increases. Due to the moderate Q-factor and high photo-

detection efficiency, the MMIC oscillator has a wide locking range of

about 1.5-GHz with 6-dBm optical LO injection [73].

The variance of the free-running oscillation frequency over change

of temperature was measured as shown in Fig. A-4. The frequency

change was about 18 MHz with 94-degree change in temperature.

Because the locking range of the MMIC oscillator is much larger than

the frequency drift with temperature change, the stable operation of

OIL-SOM is possible over the temperature variation of the antenna

base station.
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Fig. A-1. Experimental setup for optical injection-locking of MMIC

oscillator.
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