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Abstract—A self-oscillating harmonic opto-electronic mixer
based on a CMOS-compatible avalanche photodetector for
fiber-fed 60-GHz self-heterodyne systems is demonstrated. The
mixer is composed of an avalanche photodetector fabricated with
0.18- m standard CMOS process and an electrical feedback loop
for self oscillation. It simultaneously performs photodetection
and frequency up-conversion of photodetected signals into the
second harmonic self-oscillation frequency band. The avalanche
photodetector and the mixer are characterized and analyzed,
and the RF avalanche multiplication factor is investigated. In
addition, conversion efficiency as well as internal conversion gain
is determined, and bias conditions are optimized for the best
self-oscillating harmonic opto-electronic mixer performance. Data
transmission of 5-MS/s 32 quadrature amplitude modulation
signals using self-oscillating harmonic opto-electronic mixer is
successfully demonstrated.

Index Terms—Avalanche photodetector, CMOS-compatible
photodetector, fiber-fed system, opto-electronic mixer, self-hetero-
dyne system, self-oscillating mixer, 60-GHz band.

I. INTRODUCTION

M ILLIMETER-WAVE systems have been extensively
investigated for broadband wireless communications.

In particular, 60-GHz wireless systems have been pursued due
to the availability of about 7 GHz of license-free band around
60 GHz. The small wavelength of 60-GHz signals makes
possible small RF components and antennas. For these reasons,
HDTV wireless transmissions [1], [2], high-speed wireless
local area networks (WLANs) [3], and high-speed wireless
personal area networks (WPANs) [4] have been considered as
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applications of 60-GHz wireless systems. However, there still is
a difficulty in realizing low-cost millimeter-wave components
[5]. Using self-heterodyne systems, the cost of millimeter-wave
wireless systems can be reduced. In self-heterodyne sys-
tems, RF data signals are transmitted simultaneously with
local oscillator (LO) signals and received RF signals are fre-
quency down-converted with the transmitted LO signals in a
square-law detector at a mobile terminal [6]. Consequently,
a millimeter-wave LO is not needed in the mobile terminal,
resulting in cost reduction.

With development of fiber-optic technologies, fiber-fed mil-
limeter-wave wireless systems have become a promising tech-
nology for next-generation broadband communication systems
due to such advantages of optical fiber as low loss, large band-
width, and highly flexible transmission medium [7]–[9]. In these
systems, broadband data signals are optically distributed from a
central office to antenna base stations via optical fiber and then
transmitted to mobile terminals through wireless links. Because
the free-space propagation loss in millimeter waves is very high,
numerous antenna base stations are required. Therefore, cost-ef-
fective antenna base stations are very important for realizing
fiber-fed 60-GHz wireless systems.

There are several methods for realizing low-cost antenna base
stations. Phototransistors based on InP high electron-mobility
transistors (HEMTs) [8] and InP-InGaAs heterojunction photo-
transistors (HPTs) [10] can be used as an opto-electronic mixer
for antenna base stations. However, InP and InP–InGaAs based
components are not very cost effective yet. An opto-electronic
mixer based on a CMOS-compatible avalanche photodetector
[11] is an attractive solution because, as well known, CMOS
technology can provide a high integration level at low costs.

We have previously proposed a fiber-fed 60-GHz self-het-
erodyne system based on a CMOS-compatible harmonic
opto-electronic mixer, and demonstrated data transmission
[12]. This system can be a solution for low-cost fiber-fed
millimeter-wave wireless systems because low-cost antenna
base stations and mobile terminals are possible. However,
an additional LO was needed for frequency up-conversion in
an antenna base station. In this work, we propose a self-os-
cillating harmonic opto-electronic mixer that can be used in
fiber-fed 60-GHz self-heterodyne systems. A CMOS-com-
patible avalanche photodetector is used in the mixer. The
avalanche photodetector performs photodetection as well as
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Fig. 1. (a) Configuration of a conventional fiber-fed 60-GHz system. (b) Configuration of a fiber-fed 60-GHz self-heterodyne system based on the self-oscillating
harmonic opto-electronic mixer. From [13].

harmonic frequency up-conversion, and an electrical feedback
loop having a bandpass filter and an amplifier generates LO
signals by self oscillation. Initial results of our investigation
have been presented in [13]. In this paper, we explain the struc-
ture and characteristics of the CMOS-compatible avalanche
photodetector in detail. In addition, the characteristics of the
self-oscillating harmonic opto-electronic mixer are analyzed,
and the RF avalanche multiplication factor is measured and
modeled. To evaluate the performance of the mixer, funda-
mental and harmonic frequency up-converted signal powers
are measured and analyzed using the nonlinear coefficients
obtained from the RF avalanche multiplication factor. The
conversion efficiency as well as internal conversion gain is de-
termined, and bias conditions are characterized and optimized.

This paper is organized as follows. In Section II, the system
architecture under investigation is explained. Section III
describes operation principles and characteristics of the
CMOS-compatible avalanche photodetector and self-oscil-
lating harmonic opto-electronic mixer. Section IV presents
results of our demonstration of 5-MS/s 32 quadrature am-
plitude modulation (QAM) data transmission in a fiber-fed
60-GHz self-heterodyne system based on the mixer.

II. PROPOSED FIBER-FED 60-GHz SELF-HETERODYNE

SYSTEM BASED ON THE SELF-OSCILLATING

HARMONIC OPTO-ELECTRONIC MIXER

Fig. 1(a) schematically shows a typical fiber-fed 60-GHz
system [7]. In this system, optical IF signals are transmitted
from the central office to the antenna base station through
optical fiber. Transmitted IF signals are frequency up-converted
to the 60-GHz band using a LO at the antenna base station and
frequency up-converted signals are radiated to mobile terminals
where received signals are frequency down-converted to IF
band with a LO. This system requires two independent LOs
operating at 60-GHz band for frequency up/down-conversion.
Moreover, LOs should generate stable and low phase-noise
signals since their phase noises induce phase errors in trans-
mitted and received data. However, it is still difficult to realize

phase-locked oscillators at 60-GHz band in a cost-effective
manner.

Fig. 1(b) shows the schematic diagram of our fiber-fed
60-GHz self-heterodyne system based on the self-oscillating
harmonic opto-electronic mixer. As shown in the figure, optical
signals modulated by electrical IF signals in the central office
are transmitted to the antenna base station through optical
fiber and injected to the mixer oscillating at . Injected
optical IF signals are photodetected by a CMOS-compatible
avalanche photodetector in the mixer and frequency up-con-
verted to the 60-GHz band, which corresponds to the second
harmonic of . This harmonic frequency up-conversion
is due to the nonlinearity of avalanche multiplication process
in the avalanche photodetector [11], and the high nonlinearity
of avalanche multiplication process provides the possibility
of achieving efficient harmonic opto-electronic mixing [14].
The self-oscillating harmonic opto-electronic mixer simulta-
neously performs photodetection and opto-electronic mixing
without any LO. Frequency up-converted RF and LO signals
produced by the mixer are radiated from the antenna base
station to mobile terminals. Then, received RF and LO signals
are self-mixed by a square-law detector, resulting in frequency
down-converted IF signals in mobile terminals. In this system,
LO phase quality is poor due to free-running oscillation in the
self-oscillating harmonic opto-electronic mixer. However, this
has no effect on the frequency down-converted IF signals since
frequency down-conversion is performed by self-mixing be-
tween phase-correlated RF and LO signals [6]. Therefore, there
is no need for the mobile terminal to include a phase-locked
oscillator.

III. SELF-OSCILLATING HARMONIC OPTO-ELECTRONIC MIXER

USING THE CMOS-COMPATIBLE AVALANCHE PHOTODETECTOR

Fig. 2 describes the architecture of the self-oscillating
harmonic opto-electronic mixer. In the mixer, the CMOS--
compatible avalanche photodetector performs photodetection,
as well as frequency up-conversion, and an electrical feedback
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Fig. 2. Schematic diagram of the self-oscillating harmonic opto-electronic
mixer based on the CMOS-compatible avalanche photodetector. From [13].

Fig. 3. Cross section of the fabricated CMOS-compatible avalanche photo-
detector. From [15].

loop having a bandpass filter and an amplifier generates self-
oscillation signals.

A. CMOS-Compatible Avalanche Photodetector

A CMOS-compatible avalanche photodetector was fabri-
cated using 0.18- m standard CMOS process and its structure
is shown in Fig. 3 [15]. It is implemented using the vertical
P-N junction formed by P source/drain to N-well region.
Multifinger electrodes with 0.5 m spacing are employed
on the active area for the exclusion of the lateral diffusion
path. The active area of the avalanche photodetector is about

m and the optical window is formed by blocking the
salicide during the fabrication.

Fig. 4 shows current–voltage characteristics of the fabricated
CMOS-compatible avalanche photodetector under dark and il-
lumination conditions. The incident optical power is 1 mW. The
avalanche breakdown voltage is about 10.25 V and the max-
imum responsivity is about 0.417 A/W. Fig. 5 shows the dc
avalanche multiplication factor as a function of the applied re-
verse bias voltage. The dc avalanche multiplication factor can
be determined as

(1)

Fig. 4. Current–voltage characteristics of the fabricated CMOS-compatible
avalanche photodetector under dark and illumination conditions.

Fig. 5. DC avalanche multiplication factor as a function of the reverse bias
voltage of the CMOS-compatible avalanche photodetector.

where is the current under illumination, is the
current under dark, and is the reference voltage at which
avalanche multiplication is insignificant. In Fig. 5, V is
used. The maximum value of the dc avalanche multiplication
factor is about 162 at V.

B. Self-Oscillating Harmonic Opto-Electronic Mixer

An oscillator is formed by applying an electrical feedback
loop, which consists of a bandpass filter and an amplifier. For
self oscillation without any optical injection, the CMOS-com-
patible avalanche photodetector acts as a capacitor. The mixer
output signals are extracted using a 3-dB coupler. The self-oscil-
lation frequency is determined by the bandpass filter bandwidth.
Although discrete components are used for our present investi-
gation, a single-chip approach based on CMOS technology is
possible, which can provide further cost reduction and simplifi-
cation of antenna base stations.

Fig. 6 shows the spectrum of the second harmonic of
self-oscillation frequency of the self- oscillating harmonic
opto-electronic mixer. Although this self-oscillation signal is
very sensitive to environmental conditions, this does not matter
in self- heterodyne systems as mentioned above. When optical
IF signals are injected to the CMOS-compatible avalanche
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Fig. 6. Measured spectrum of the second harmonic of self-oscillation fre-
quency of the self-oscillating harmonic opto-electronic mixer.

Fig. 7. Measured spectrum of frequency up-converted signals and second har-
monic of self-oscillation frequency of the self-oscillating harmonic opto-elec-
tronic mixer. LSB: lower sideband, USB: upper sideband. From [13].

photodetector, the mixer generates frequency up-converted
signals using the self-oscillation signals. Fig. 7 shows the re-
sulting frequency up-converted signals when 1 dBm 950 MHz

optical signals are injected to the avalanche photodetector
biased at the reverse bias voltage of 10.3 V. The spectrum
clearly shows double sideband signals at . As
state above, this frequency up-conversion is due to the non-
linearity of avalanche multiplication process in the avalanche
photodetector.

The operation of the self-oscillating harmonic opto-electronic
mixer can be analyzed as follows. When optical signals are il-
luminated to a CMOS-compatible avalanche photodetector, the
generated photocurrent can be expressed as

(2)

where is the intrinsic responsivity of the CMOS-compatible
avalanche photodetector at unit gain, is the incident optical
power, is the RF avalanche multiplication factor, and

Fig. 8. IF signal powers as a function of the reverse bias voltage of the CMOS-
compatible avalanche photodetector at the output of the self-oscillating har-
monic opto-electronic mixer.

is the instantaneous reverse bias voltage. The IF modulated
optical signal power is described as

(3)

where is the average optical power, is the optical modu-
lation index, and is the frequency of IF signal. The reverse
bias voltage is modulated by the self-oscillation signal, resulting
in

(4)

where is the reverse bias voltage, is the peak voltage
of the self-oscillation signal, and is the self-oscillation
frequency.

The RF avalanche multiplication factor can be determined by
combining (2) and (3) as

(5)

In actual measurement, this RF avalanche multiplication factor
produces different values from the dc case as the spectrum an-
alyzer used for RF measurement has 50- termination whereas
the dc current meter does not. For our analysis, the RF avalanche
multiplication factor measured with the spectrum analyzer is
used.

Fig. 8 shows optical IF signals detected at the self-oscillating
harmonic opto-electronic mixer output as a function of the
reverse bias voltage of the CMOS-compatible avalanche pho-
todetector with and without the injection of the self-oscillation
signal. The maximum photodetected IF signal power is ob-
tained at the reverse bias voltage of 10.1 V owing to maximized
avalanche multiplication factor without self oscillation. With
self oscillation, however, the maximum point is shifted to the
higher reverse bias voltage. This is because of the generated
dc components. When the self-oscillation signal is injected
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Fig. 9. (a) RF avalanche multiplication factor and (b) its nonlinear coefficients
as a function of the reverse bias voltage of the CMOS-compatible avalanche
photodetector.

to the avalanche photodetector, dc components as well as
harmonic components are generated at the output due to the
nonlinearity of the avalanche photodetector. In order to achieve
the maximum IF signal power, therefore, the bias voltage of the
avalanche photodetector should be changed to the reverse bias
voltage of 10.3 V in self-oscillation conditions.

Fig. 9(a) shows the measured RF avalanche multiplication
factor as a function of the reverse bias voltage. Hollow circles
represent the measurement results, and the solid line is the fitted
result. The RF avalanche multiplication factor can be modeled
by the empirical expression as follows:

(6)

Fig. 9(b) represents the first-order nonlinear coefficient
and second-order nonlinear coefficient of the RF avalanche
multiplication factor, which can be obtained by 1st derivative
and second derivative of , respectively.

To evaluate the performance of the self-oscillating harmonic
opto-electronic mixer, fundamental (30-GHz band) and har-
monic (60-GHz band) frequency up-converted signal powers
were measured at the lower sideband, and the results are shown

Fig. 10. Fundamental and harmonic frequency up-converted signal powers as a
function of the reverse bias voltage of the CMOS-compatible avalanche photo-
detector.

Fig. 11. Frequency up-converted signal and IF signal powers as a function
of the reverse bias voltage of the CMOS-compatible avalanche photodetector.
LSB: lower sideband.

in Fig. 10. The opto-electronic mixing products can be consid-
ered as

Fundamental (7)

Harmonic (8)

Although the second-order nonlinear coefficient is larger than
the first-order nonlinear coefficient as shown in Fig. 9(b), the
harmonic frequency up-converted signal power is about 15 dB
lower than the fundamental frequency up-converted signal
power due to the small , as can be seen in (7) and (8).

Fig. 11 shows the dependence of the harmonic frequency
up-converted signal and IF signal powers on the reverse bias
voltage of the CMOS-compatible avalanche photodetector. The
frequency up-converted signal power increases as the reverse
bias voltage increases up to 10.3 V. It has maximum value at
10.3 V because RF avalanche multiplication factor is maximized
at this voltage. The maximum value shows an increase, as com-
pared with the result using external LO due to the self-oscil-
lating structure [11].
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Fig. 12. Conversion efficiency and internal conversion gain as a function of the
reverse bias voltage of the CMOS-compatible avalanche photodetector.

Fig. 12 shows conversion efficiency for opto-electronic har-
monic frequency up-conversion to 60 GHz. The conversion effi-
ciency of the self-oscillating harmonic opto-electronic mixer is
defined as the ratio of the frequency up-converted signal power
to the input IF signal power [14]. On the other hand, the mixer
provides internal gain with the help of avalanche multiplica-
tion process, thus internal conversion gain can be defined as the
power ratio of the frequency up-converted signal to the primary
photodetected signal without avalanche gain as in opto-elec-
tronic mixer based on phototransistors [8]. The primary pho-
todetected signal power was determined about 63.7 dBm at

of 8 V in Fig. 11. Fig. 12 also shows the internal conver-
sion gain, and the maximum internal conversion gain of about
18.2 dB at the reverse bias voltage of 10.3 V is obtained with
the self-oscillating harmonic opto-electronic mixer.

IV. DEMONSTRATION OF FIBER-FED 60-GHz
SELF-HETERODYNE SYSTEM BASED ON THE SELF-OSCILLATING

HARMONIC OPTO-ELECTRONIC MIXER

Downlink data transmission of 5-MS/s 32 QAM data signals
in the 60-GHz band was demonstrated. In the central office,
850-nm optical signals were modulated by electrical 950 MHz
IF data signals using an electro-optic modulator. The generated
optical IF data signals are transmitted to the antenna base station
via 2-m long multimode fiber. The transmitted optical IF data
signals were photodetected by a CMOS-compatible avalanche
photodetector and frequency up-converted to the 60-GHz band
by the second harmonic of using the self-oscillating har-
monic opto-electronic mixer at the antenna base station. The re-
verse bias voltage of 10.3 V was applied to the CMOS-com-
patible avalanche photodetector. A 20-dB gain power amplifier
was used to compensate the free-space propagation loss in the
60-GHz band. The output signals of the antenna base station
were radiated to mobile terminals via 1-m free space using an
antenna having 24-dBi gain. The wireless link gain including
antennas was about 20 dB. At the mobile terminal, received
data and LO signals were amplified by a 36.5-dB gain low-noise
amplifier (LNA), and then frequency down-converted to IF band
by a square-law detector.

Fig. 13. Constellation and �-eye diagram of demodulated 5-MS/s 32 QAM
data signals. From [13].

Fig. 14. EVM and SNR as a function of optical IF power. SNR: signal-to-noise
ratio.

To evaluate the system performance, the frequency down-
converted data signals were demodulated by a vector signal an-
alyzer. Fig. 13 shows the constellation and the in-phase eye di-
agram of the demodulated 5 MS/s 32 QAM data signals. The
eye was clearly open and the measured error vector magni-
tude (EVM) was about 1.83%, which corresponds to 30.7-dB
signal-to-noise ratio. Compared with our previous work [12],
the performance of the proposed system based on the self-oscil-
lating harmonic opto-electronic mixer is significantly improved.
The EVM is decreased by about 3.3%, and the signal-to-noise
ratio is increased by about 9 dB. This EVM of the proposed
system should be sufficient for many wireless applications. We
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measured EVM and signal-to-noise ratio as a function of op-
tical IF power using an optical attenuator. As shown in Fig. 14,
the EVM of the downlink data transmission deteriorates from
1.83% to 10%, and the signal-to-noise ratio diminishes from
30.7 dB to 15 dB as optical IF power decreases. The degradation
of EVM and signal-to-noise ratio is simply due to the transmis-
sion loss in fiber. With a sufficiently high optical power source,
the optical link distance between the central office and the an-
tenna base station can reach a few hundred meters.

V. CONCLUSION

The self-oscillating harmonic opto-electronic mixer for
fiber-fed 60-GHz self-heterodyne systems is proposed and
characterized. Our mixer consists of a CMOS-compatible
avalanche photodetector and the electric feedback loop in-
cluding a bandpass filter and an amplifier. The mixer can
provide photodetection, oscillation, and frequency mixing at
the same time. Moreover, the need to supply a phase-locked
oscillator is eliminated by using the self-heterodyne method.
The proposed fiber-fed 60-GHz self-heterodyne system based
on the mixer is especially fit for the millimeter-wave wireless
systems where the number of antenna base stations and mobile
terminals are large and the size of antenna base station is
restricted. The CMOS-compatible avalanche photodetector and
the self-oscillating harmonic opto-electronic mixer are char-
acterized and analyzed, and the RF avalanche multiplication
factor is measured and modeled. The performance of the mixer
including up-converted signal power, conversion efficiency,
and internal conversion gain is examined. Bias conditions are
characterized and optimized for the best performance. Data
transmission of 5 MS/s 32 QAM signals in a 60-GHz band
is successfully performed with 1.83% EVM and 30.7-dB
signal-to-noise ratio. Although the feedback loop was imple-
mented by discrete components in our configuration, the entire
self-oscillating harmonic opto-electronic mixer can be realized
by a single-chip approach with integration of a CMOS-compat-
ible avalanche photodetector and necessary high-speed CMOS
circuits.
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