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Simple 2 × 2 MIMO 60-GHz Optical/Wireless
System With Extending Fiber Transmission Distance

Hou-Tzu Huang, Chun-Ting Lin, Ya-Tang Chiang, Chia-Chien Wei, and Chun-Hung Ho

Abstract—This paper presents a simple 2 × 2 multiple-input
multiple-output (MIMO) 60-GHz radio-over-fiber system. Due
to the proposed specific frequency arrangement of driving sig-
nals, each optical transmitter requires only a single-drive Mach-
Zehnder modulator with 3-dB bandwidth of less than 35 GHz.
This arrangement of frequencies can increase the tolerance of op-
tical signals to dispersion-induced RF fading, thereby extending
fiber transmission distance. Unfortunately, this scheme leads to
signal-to-signal beating interference (SSBI), which can deteriorate
system performance. Thus, we employed a 2 × 2 MIMO scheme
to enhance data capacity by combining two data streams and two
corresponding SSBIs prior to signal demodulation. We also de-
veloped a novel iterative equalization technique to mitigate SSBI
in the MIMO system. The proposed system achieved a maximum
capacity of 55.9-Gb/s in the transmission of 7-GHz orthogonal fre-
quency division multiplexing signals over 12-km fiber and 3.5-m
air transmission using a bit-loading algorithm.

Index Terms—Multiple-input multiple-output (MIMO), optical
fiber communication, signal processing algorithms, wireless com-
munication.

I. INTRODUCTION

CONSIDERABLE research has gone into the development
of multi-gigabit-per-second access networks to meet the

demands of integrated broadband services, such as VoIP, HDTV,
and multimedia services. Achieving maximum capacity without
increasing system costs is the primary challenge in this field. The
enormous growth of wireless applications has moved wireless
local access networks to the forefront of cellular networks. In-
creasing the frequency of wireless signals is an efficient means
to achieve required data rates and in 2001 the FCC allocated
7-GHz (57–64 GHz) of bandwidth in the unlicensed spec-
trum [1].

Unfortunately, higher frequencies increase free-space fad-
ing [2]. Radio-over-fiber (RoF) systems have shown consid-
erable promise as a network architecture capable of extending
the coverage of mm-wave signals [3]–[10]. RoF systems take
advantage of fiber transmission to overcome propagation loss
and expensive equipment can be centralized to reduce system
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costs. Nevertheless, the distance of fiber transmission in conven-
tional optical double-sideband (DSB) RoF systems is limited by
dispersion-induced RF-fading [11]. We previously proposed a
number of 60-GHz OFDM RoF systems to overcome this is-
sue [12], [13], thereby extending transmission distance from
500 m to 4 km [12]. In this study, we organized the frequencies
of optical RF tone and optical signals to decrease dispersion-
induced RF-fading. These efforts resulted in signal-to-signal
beating interference (SSBI) in a single-input single-output RoF
system [14]. Nonetheless, the implementation of an iterative
SSBI mitigation algorithm enabled the extension of fiber trans-
mission distance beyond 10 km with minimal fading.

This paper proposed the combining of two transmission data
streams and two corresponding SSBIs using multiple-input
multiple-output (MIMO) technology to expand transmission
capacity. Training symbols were used to characterize the in-
formation of MIMO channels in order to separate the two data
streams using their own SSBI. The use of iterative SSBI miti-
gation for the separation of data streams enables the recovery
of the two data streams without affecting the MIMO channel or
SSBI. We also employed a bit-loading algorithm, which made
it possible to attain a capacity of 50 Gb/s using 7-GHz OFDM
signal over 3.5-m wireless and 6-km fiber transmission. Even
after replacing the 6-km fiber with a 12-km fiber, a capacity of
40 Gb/s was maintained.

A number of previous researchers have investigated 2 × 2
MIMO schemes [15]–[18]. The systems in [15] and [16] used
coherent detection, which requires lasers with a particularly
narrow bandwidth laser in the remote antenna unit (RAU). Due
to the direction (vertical/horizontal) of the antenna arrangements
in [15] and [17], the wireless signals were nearly independent
and the signal bandwidth exceeded 7 GHz, resulting in relatively
low spectral efficiency. The single carrier, and signal in [18],
requires an additional filter to eliminate undesired signals, which
increases costs.

This article is organized as follows. Section II introduces the
concept behind the proposed 2 × 2 MIMO 60-GHz RoF system
and iterative SSBI mitigation algorithm. Section III details the
operations of the proposed MIMO system. Section IV discusses
the experimental results according to the design criteria outlined
in Section II. Section V lays out the main contributions of this
article and presents our conclusions.

II. CONCEPT OF PROPOSED SYSTEM

Fig. 1 presents a conceptual depiction of the modulation
scheme used in the proposed 60-GHz OFDM RoF system, based
on a single-drive Mach-Zehnder modulator (SD-MZM) [12].
The SD-MZM is biased at the null point and operated in the
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Fig. 1. Simple 60-GHz 2 × 2 MIMO-OFDM RoF system with utilizing
SD-MZM.

linear E/O region to achieve an optical DSB signal with carrier
suppression. Disregarding the nonlinearity of the SD-MZM,
the optical spectrum is simply an up-converted version of the
electrical spectrum of the driving signal, comprising an OFDM
signal with bandwidth of W at the central frequency of f1 and
a sinusoidal carrier at the frequency of f2 . Assuming that the
complex amplitudes of the carriers and the nth subcarrier are
respectively C and Dn in the upper side band, then they will be
C∗ and D∗

n in the lower side band, where ∗ denotes the complex
conjugate. Considering only the effects of dispersion, the photo
current generated by the nth OFDM subcarrier in the desired
60-GHz frequency band can be expressed as follows:

iOFDM (n) = 4RP D�{C · Dnej2π (f1 +f2 +nΔf )t}

× cos(2π2β2L[(f1 + nΔf)2 − f 2
2 ]), n = ±1,±2, . . . ,±N

2
(1)

where RP D is the responsivity of the photo-detector, Δf is
the subcarrier spacing, −W /2 ≤ nΔf ≤ W /2 is the relative
frequency of the subcarrier with respect to the center frequency
of f1 , N is the number of subcarriers, L is the fiber distance,
and β2 is the fiber group velocity dispersion parameter. The
exponential term in (1) implies that the beating term is generated
at f1 + f2 + nΔf , which falls within the desired 57 to 64-
GHz band, i.e. f1 + f2 = 60.5 GHz and W = 7 GHz, and,
the cosine term denotes the dispersion-induced fading of RF
power. In addition to the desired RF signal, the beating terms
between the optical OFDM signals in both side-bands represent
the undesired SSBI. As shown in Fig. 1, the spectra of SSBI
falls in the range between 2f1 − W and 2f1 + W . To avoid
in-band SSBI, f1 and f2 must be selected, such that 2f1 +
W ≤ f1 + f2 − W or f2 − f1 ≥ 3W /2. Therefore, according
to Eq. (1), the equality holds in the case of the least fading
without in-band SSBI; i.e, f1 = 25 GHz and f2 = 35.5 GHz
[12]. Nonetheless, power fading can be minimized by selecting

Fig. 2. Simulation results of RF fading at 60-GHz band versus different fiber
lengths. (a) f1 = 25 GHz, f2 = 35.5 GHz. (b) f1 = f2 = 30.25 GHz.

f1 = f2 = 30.25 GHz, such that the fading term changes to
cos(nθn ), where θn = 2π2β2LΔf × (2f1 + nΔf). Fig. 2(a)
and (b) present the RF power fading in cases where f1 = 25 GHz
and f2 = 35.5 GHz, and f1 = f2 = 30.25 GHz, respectively.
Simulation results represent power relative to the case of 0-km
fiber transmission. β2 of −21.66 ps2 /km was used to consider
single-mode fiber transmission. The signal in the first case is
subject to a power penalty of more than 40 dB following fiber
transmission over a distance of 5-km. In contrast, the signal in
the second case suffers from fading of less than 10 dB even
after 12-km fiber transmission. Nonetheless, the price paid to
minimize fading is the presence of in-band SSBI, which can be
deterministically calculated and removed at the receiver [19].

This study employed a 2 × 2 MIMO scheme to increase the
capacity of 60-GHz wireless signals over an RoF system. We
adopted the frequency arrangement of f1 = f2 = 30.25 GHz
to minimize RF fading. The unavoidable in-band SSBI and the
desired 60-GHz OFDM signals are combined in the wireless
channel, as shown in Fig. 3. In the 2 × 2 MIMO system, the
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Fig. 3. The proposed 2 × 2 MIMO-OFDM DSP process incorporating SSBI mitigation algorithm.

model of the wireless channel can be expressed as follows:[
Y1,n

Y2,n

]
=

[
H11,n H12,n

H21,n H22,n

]
×

[
X1,n + S1,n

X2,n + S2,n

]
+

[
W1,n

W2,n

]

(2)
where Xi,n = Dn cos(nθn ) represents the transmitted nth sub-
carrier from the ith transmitter antenna (Txi), and Yj,n repre-
sents the received nth subcarrier at the jth receiver antenna
(Rxj ). Si,n stands for the SSBI of the nth subcarrier at the
transmitter antenna of Txi ,Wi,n denotes the additive noise of
the nth subcarrier, and Hji,n is the channel coefficient from Txi

to Rxj . Utilizing the discrete convolution, Si,n can be written
as [21],

Si,n

=
1
C

⎡
⎢⎣1

2
D2

i, n
2

+

N
2∑

m=� n
2 +1�

Di,m Di,n−m cos ((2m − n) θn )

⎤
⎥⎦

(3)

where �x� denotes the largest integer less than or equal to x,
and Di,k = 0 as k /∈ {±1,±2, . . . ,±N/2}. Moreover, separat-
ing the two transmitted signals at the receiver requires a MIMO
channel matrix, which can be estimated by sending training sym-
bols. To prevent the interference of channel estimation by the
SSBI, the even subcarriers of the training symbols are denoted
as null, as shown in Fig. 4 [20]. Among the training symbols,
the SSBI exists only in null subcarriers because the SSBI is
generated from even subcarriers, in which the frequency spac-
ing is the multiple 2Δf . Thus, least-square estimation of the
odd-subcarrier MIMO channel is performed as follows:

cos (nθn )

[
H̃11 ,n H̃12 ,n

H̃21 ,n H̃22 ,n

]
=

[
YTS

1 ,n

YTS
2 ,n

]
×

[
DTS

1 ,n

DTS
2 ,n

]−1

, n ∈ odd

(4a)
where DTS

1,n and YTS
1,n are the row vectors, of which the ele-

ments are the Di,n , Yj,n of the training symbols, respectively.
Nonetheless, even subcarriers are not sent, such that their MIMO
channel can be estimated via interpolation,

H̃ji,n =
1
2

(
H̃ji,n−1 + H̃ji,n+1

)
, n ∈ even. (4b)

Fig. 4. Simple 60-GHz 2 × 2 MIMO-OFDM RoF system with utilizing
SD-MZM.

Using such an approach, the channel matrices of all sub-
carriers can be reliably estimated without SSBI. As shown in
Fig. 3, following the removal of the cyclic prefix (CP) and fast
Fourier transform, the MIMO wireless channel coefficient can
be determined using the training symbols with Eq. (4). The sub-
sequent application of the zero forcing algorithm [19] enables
the estimation of SSBI-interfered data as D̃1,n ,
[

D̃1,n

D̃2,n

]
= sec (nθn )

[
H̃11,n H̃12,n

H̃21,n H̃22,n

]−1

×
[

Y1,n

Y2,n

]

=
[

D1,n + S1,n sec (nθn )

D2,n + S2,n sec (nθn )

]

+ sec (nθn )

[
H̃11,n H̃12,n

H̃21,n H̃22,n

]−1 [
W1,n

W2,n

]
. (5)

Equation (5) indicates that the two SSBI would be decoupled
by zero forcing, such that the SSBI mitigation algorithm can be
applied individually without the need to consider MIMO [14].
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Fig. 5. Schematic diagram of iterative SSBI mitigation.

Using Eq. (3), SSBI can be deterministically rebuilt with
full knowledge of the transmitted data. However, the transmit-
ted data cannot be precisely determined at the receiver. Thus,
hard decisions are required to obtain quantized data D̂i,n , from
D̃i,n , such that D̂i,n is used to emulate the correct transmitted
data and calculate the SSBI via Eq. (3). As shown in Fig. 5, the
reconstructed SSBI is then used to subtract the actual SSBI from
the SSBI-interfered data. Decision errors can lead to inaccura-
cies in SSBI reconstruction and incomplete SSBI mitigation;
however, this study adopted an iterative process to reduce the
number of decision errors in the SSBI mitigation algorithm.

It should be noted that the bandwidth of SSBI (53.5–
67.5 GHz) exceeds the 7-GHz allocated by the FCC, and no
specific filter is available to eliminate a sufficient amount of
out-of-band frequency components. Fortunately, the proposed
SSBI mitigation process does not require information related
to out-of-band frequency components, and the OFDM signal is
unaffected by out-of-band frequency components. Furthermore,
in the RAUs and receiver antenna units, 3-dB bandwidth of low
noise amplifiers (LNA)s and filters are all 10 GHz (55–65 GHz),
such that 4-GHz bandwidth of SSBI has been filtered out. There-
fore, the influence of out-of-band frequency components is not
very of notable concern.

III. EXPERIMENTAL SETUP

Fig. 6 presents a schematic depiction of the experimental
setup used in the proposed V-band RoF system using a 2 × 2
MIMO scheme. To realize the full 7-GHz of unlicensed band-
width with a central frequency of 60.5 GHz, we encoded OFDM
signals with a width of 3.5-GHz using Matlab which were
implemented using a Tektronix R© AWG7122B arbitrary wave-
form generator (AWG). The baseband IQ signals were then
up-converted to 30.25 GHz using an IQ-mixer with 30.25-GHz
sinusoidal waves and local oscillator (LO) to obtain an OFDM
signal with bandwidth of 7-GHz. The modulation format of the
OFDM signal was 8-QAM, and the length of the inverse fast
Fourier transform was 512. We adopted an OFDM signal com-
prising 298 subcarriers, with a CP length of 16. The resolution
and sampling rate of the digital-to-analog converter were set
at 8 bits and 12 GSample/s, respectively. An additional sinu-
soidal wave of 30.25-GHz was also combined as an electrical

Fig. 6. Experimental Setup for the proposed 2× 2 MIMO-OFDM RoF system.

carrier. After the coupler, the combined signal was used to drive
a SD-MZM, biased at Vπ to suppress the optical carrier signal.
The source of the optical carrier signal was a DFB laser with a
wavelength of 1558.9 nm and optical power of 16 dBm. Conse-
quently, each sideband comprised an OFDM-modulated signal
and a single tone with a central frequency of fc ± 30.25 GHz. An
optical interleaver (33/33 GHz) was inserted after the SD-MZM
to further suppress the laser carrier. The optical spectra are pre-
sented in the insets of Fig. 6. An Erbium-doped fiber amplifier
with 4.3-dB noise figure was used to provide optical power gain
followed by an optical band-pass filter with 3-dB bandwidth of
0.9 nm to suppress the amplified spontaneous emission noise.
Following transmission of 0 to 14-km along a standard single
mode fiber, the optical signal was split into two duplicates be-
fore reaching the RAU in order to emulate the two RoF signals
required for the proposed 2 × 2 MIMO system. The indepen-
dent formation of the two optical signals involved an additional
standard single mode fiber, 2-km in length, combined with a
dispersion-compensation fiber as a dispersion-free delay line
for the de-correlation of the two duplicate signals. In this man-
ner, two entirely de-correlated data signals were sent into the two
67-GHz photo-detectors, after which, the beating terms of the
optical signals comprised two 60.5-GHz OFDM signals as well
as two SSBI. Each 60.5-GHz signal was then amplified using
a LNA, and launched into a 3.5-m MIMO wireless channel us-
ing a rectangular waveguide-based standard gain horn antenna.
Following air transmission, the 60-GHz wireless signals were
received by another pair of standard gain horn antennas and
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Fig. 7. (a) The average SNRs of two received 60-GHz 8-QAM OFDM signals
versus different CSPR. (b) The average SNR improvements of two received
60-GHz 8-QAM OFDM signals versus different CSPR.

again amplified using LNAs. After passing a band-pass filter
(55∼65 GHz), each received signal was down-converted to an
intermediate frequency of 5 GHz using a 56.5-GHz sinusoidal
wave generated by the 28.25-GHz LO and a frequency dou-
bler. An Agilent R© DSA-X 91604A real-time oscilloscope with
80-GSample/s sampling rate and 3-dB bandwidth at 16 GHz
was used to capture the down-converted signals, whereupon the
captured signals were demodulated using offline digital signal
processing including MIMO demodulation and SSBI mitiga-
tion. The bit-error-rate of the OFDM signals was measured by
error counting.

IV. EXPERIMENTAL RESULT AND DISCUSSION

The carrier-to-signal power ratio (CSPR) is a crucial parame-
ter in optimizing the performance of the proposed system. In this
work, the CSPR of the generated OFDM signals was measured
after being captured by the oscilloscope. Fig. 7(a) presents the
relationship between CSPR and the measured signal-to-noise
ratio (SNR). Without SSBI mitigation, the optimal CSPR was
16.3 dB. When CSPR was below the optimal value, perfor-
mance was dominated by SSBI and when CSPR exceeded the

optimal value, performance was dominated by noise. Mitigating
SSBI enabled a reduction in the influence of SSBI, resulting in
a decrease in the optimal CSPR to 12.7 dB. When the CSPR
exceeded the optimal value, the major impairment was not SSBI
but noise introduced into the RoF system. As shown in Fig. 7(b),
high CSPR enabled the subtraction of SSBI from the desired
signal using only one iteration of the mitigation algorithm in
order to attain optimal performance. Conversely, when CSPR
was low, SSBI dominated system performance, which required
a greater number of iterations for the estimation of SSBI. To
examine the upper limits of the SSBI mitigation algorithm, we
employed SSBI mitigation under ideal conditions implemented
with the full knowledge of the original transmitted data rather
than using the hard decisions of the equalized received signal.
With a sufficient number of iterations, the proposed iterative
SSBI mitigation proved capable of performing as well as ideal
SSBI mitigation.

Fig. 8(a) presents the BER curves of 2 × 2 MIMO 8-QAM
OFDM signals with an optimal CSPR of 12.7 dB. Using the
proposed iterative SSBI mitigation algorithm, the BER of the
signal with −1-dBm received power was still able to meet the
forward-error-correction limit (3.8 × 10−3) over 12-km fiber
transmission. Fig. 8(b) presents the constellations after a fiber
transmission distance of 0 (back-to-back, BTB), 6, and 12 km
with/without the proposed iterative SSBI mitigation. Using the
same optimal CSPR of 12.7 dB, we were able to accurately esti-
mate and entirely eliminate SSBI in the case of BTB. However,
with an increase in the distance of fiber transmission, dispersion-
induced RF power fading resulted in the deterioration of system
performance. Moreover, due to the iterative nature of the SSBI
mitigation algorithm, hard decision errors tended to propagate
in the iteration loop, resulting in error propagation, which ul-
timately reduced the accuracy of estimating SSBI, even after
fiber transmission of only a few kilometers.

To illustrate the effects of RF power fading and hard decision
errors, Fig. 9 presents the SNR of each OFDM subcarrier with
and without the proposed iterative SSBI mitigation algorithm.
With the aid of SSBI mitigation, a conspicuous improvement in
SNR was obtained in transmission distances within 8-km fiber.
Moreover, the subcarriers in the central band suffer from SNR
penalties caused by error propagation in the SSBI mitigation
algorithm at transmission distances of 12-km fiber.

Fig. 10 presents the average SNR of two received signals,
which decreased with an increase in fiber transmission distance.
The SNR in the blue line was measured after the MIMO detector,
and the SNR in the red line was measured following the MIMO
detector and SSMI mitigation. Under the conditions of BTB
and 12-km transmission, the proposed iterative SSBI mitigation
algorithm provided an improvement in SNR of approximately
2.4- and 1.8-dB, respectively.

Fig. 11 presents the data rates attainable at various fiber trans-
mission distances. To maximize the data rate, we applied the
Levin-Campello bit-loading algorithm to optimize the OFDM
signals over a channel with uneven frequency response [21]
and dispersion-induced RF power fading. With a given target
BER of 3.8 × 10−3 and fixed signal bandwidth of 7-GHz, the
modulation order (i.e. number of bits) and the power of each
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Fig. 8. (a) Average BER curves of two received 8-QAM OFDM signals versus
different fiber transmission distance (3.5-m wireless distance included). (b)
Received constellation corresponding to BTB, 6-km, 12-km fiber transmission.

subcarrier was adaptively allocated according to the measured
SNR of the subcarriers. Data rates exceeding 50 and 40 Gb/s
were attained after 8- and 12-km fiber transmission, respec-
tively. Fig. 11 presents constellation diagrams with and without
SSBI mitigation at 8 km, in which 16- and 8-QAM formats
were adopted. Furthermore, in the case of optical BTB, the
proposed iterative SSBI mitigation algorithm improved capac-
ity by more than 10-Gb/s, resulting in a maximum data rate
of 55.875-Gb/s using all subcarriers modulated in 16-QAM

Fig. 9. SNR of each subcarrier within 7-GHz bandwidth centered at 60.5 GHz.
(a) Without SSBI mitigation. (b) With SSBI mitigation.

Fig. 10. Average SNR improvement versus different fiber transmission dis-
tance (3.5-m wireless distance included).
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Fig. 11. Reachable data rate with adaptive bit-loading algorithm adopted.

format. With longer fiber transmission distances, the improve-
ment in capacity provided by the proposed iterative SSBI mitiga-
tion algorithm was not as pronounced due to a decrease in SNR
improvement. Eventually, at a transmission distance of 14 km,
the capacity improvement was negligible, such that performance
was dominated by dispersion-induced RF power fading.

V. CONCLUSION

This work demonstrated a 2 × 2 OFDM-modulated MIMO
RoF communication system. Using the proposed frequency ar-
rangement, RF power fading was limited to less than 10 dB over
12-km fiber transmission. In addition, with the aid of an iter-
ative SSBI mitigation algorithm, the SSBI could be subtracted
from both received signals to further increase system perfor-
mance, resulting in an SNR improvement of 1.8 dB over 12-km
fiber transmission. In addition, the use of the Levin-Campello
rate-adaptive bit-loading algorithm in the 2 × 2 MIMO system
improved the data rate to a maximum of 55.875 and 40.497

Gb/s for the case of optical BTB and 12-km fiber transmission,
respectively.
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