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This paper presents a novel K-band (18 GHz) 16-
quadrature amplitude modulation (16-QAM)
orthogonal frequency-division multiplexing (OFDM)-
based 2 3 2 line-of-sight multi-input multi-output
communication system. The system can deliver 356
Mbps on a 56 MHz channel. Alignment mismatches,
such as amplitude and/or phase mismatches, between
the transmitter and receiver antennas were examined
through hardware experiments. Hardware
experimental results revealed that amplitude mismatch
is related to antenna size, antenna beam width, and
link distance. The proposed system employs an
alignment mismatch compensation method. The open-
loop architecture of the proposed compensation
method is simple and enables facile construction of
communication systems. In a digital modem, 16-QAM
OFDM with a 512-point fast Fourier transform and
(255, 239) Reed-Solomon forward error correction
codecs is used. Experimental results show that a bit
error rate of 10�5 is achieved at a signal-to-noise ratio
of approximately 18.0 dB.

Keywords: LoS MIMO, OFDM, Mismatch
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I. Introduction

As the demand for high-speed wireless data services
increases, high-speed and spectral-efficient network
technologies are being developed rapidly. The European
Telecommunications Standards Institute (ETSI) has
allocated the 56 MHz channel in the 18 GHz band for
point-to-point (PTP) communication [1]. Higher-order
modulation and/or multi-input multi-output (MIMO)
techniques are typically used to improve bandwidth
efficiency [2], [3]. MIMO technology uses multipath
propagation in non-line-of-sight (NLoS) environments.
However, microwave backhaul links generally require
line-of-sight (LoS) propagation. Various methods for
improving spectral efficiency have been studied in
previous works [4]–[6]. Polarization division
multiplexing (PDM), which employs independent
datasets from two orthogonal polarizations (such as
vertical and horizontal polarizations) at the same
frequency to double the total data throughput, was used
in [4]. Cross-polarization isolation must be sufficiently
large to improve the performance of PDM systems; this
is accomplished by using two separate antennas [4], an
orthomode transducer (OMT) device [5] or a cross
polarization interference cancellation (XPIC) algorithm
[6]. Previous works determined that the MIMO
technique can be applied in a LoS environment if the
transmitting and receiving antennas are properly placed
and separated [7]–[10]. Various techniques for LoS
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MIMO communications, such as their applications [11],
[12], performance improvements [13], [14], analyses
[15], and receiver architectures [16]–[18], have also
been studied. In [15], outdoor measurement results
indicated that channel phase is affected by abnormal
atmospheric variations. Analog and digital alignment
mismatch compensation techniques were proposed in
[16] and [17] respectively. However, their performance
was evaluated through simulations. In [18],
measurement methods for channel phase were proposed
and their performance was evaluated through hardware
measurements. However, this can increase measurement
error by up to approximately 20°.
This paper presents a K-band (18 GHz) 16-QAM

OFDM-based 2 9 2 LoS MIMO wireless PTP
communication system. In our previous studies, we
presented two wireless PTP broadband communication
systems [4], [19]. The system described in [19] uses
single-channel communication and frequency division
duplexing (FDD) because the spectrum is divided into a
lower band (71 GHz to 76 GHz) and an upper band
(81 GHz to 86 GHz). The system described in [4] uses
two-channel communication and polarization-division
duplexing (PDD) to achieve a multi-Gbps data rate.
The system proposed herein utilizes a LoS MIMO
architecture to improve bandwidth efficiency. For
system development, we examine relationship between
18 GHz band antenna characteristics (antenna size,
beam width, and link distance) and alignment
mismatches (amplitude and/or phase mismatch).
Section II describes alignment mismatch in a LoS
MIMO link. The proposed alignment mismatch
compensation method is described in Section III. In
Section IV, we describe the system architecture and
function block of the proposed system. Experimental
results are presented in Section V. Finally, conclusions
are presented in Section VI.

II. LoS MIMO Link and Alignment Mismatch

Figure 1 shows the configuration of a 2 9 2 LoS MIMO
system. In a LoS MIMO system, a constant orthogonal
LoS multi-path is created by controlling the geometry of
antenna placements.1) If the difference in path length
between dkk and dlk (k, l = 1, 2, k 6¼ l) is equal to d, the
signal received at receivers 1 and 2 is written as

y1ðtÞ
y2ðtÞ

� �
¼ 1 e j 2p d

k

e j2pdk 1

� �
x1ðtÞ
x2ðtÞ

� �
¼ 1 e j h

e j h 1

� �
x1ðtÞ
x2ðtÞ

� �
;

(1)

where h denotes 2pd/k, and k is the wavelength of the
carrier.2) Using matrix notation, (1) is written as

y ¼ Hx; (2)

where H denotes the channel matrix. When h equals p/2,
H has full rank and the LoS MIMO link has maximum
capacity. However, in the real-world, orthogonality in a
LoS multi-path is affected by alignment mismatches in the
system configuration, such as antenna separation, antenna
distance between transmitter and receiver, and angles in
the antenna arrays. Figure 2 shows the test setup used to
analyze the alignment mismatch. In the test setup, the link
distance, antenna spacing, and antenna height are 5.0 m,
0.20 m, and 1.5 m respectively. In order to examine the
influence of an amplitude mismatch, it is assumed that the
path loss of each path in Figure 1 is different. Channel
matrix H is then written as

Tx1

Tx2

Rx1

Rx2

d11

d21

d22

d12

Fig. 1. 2 9 2 LoS MIMO system.

10 cm

10 cm

10 cm

10 cm

17.81 GHz

5 m

Tx1

Tx2

Rx1

Rx2

Fig. 2. Test setup of 2 9 2 LoS MIMO system.

1)It is assumed that both signals are transmitted at the same frequency,
polarization, and power. Additionally, all multi-paths experience the same path
loss.

2) It is assumed that the inter-antenna distance is fixed at various link distances
for easy installation of the LoS MIMO system in a real environment. For
simplicity of analysis in this environment, we assume that h12 and h21 are the same
for examination of the influence of alignment mismatches.
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H ¼ G11 G12e j p2

G21e j p2 G22

� �
; (3)

where Gkl (k, l = 1, 2; 0 < Gkl ≤ 1) denotes the path loss
between the k-th receiver antenna and the l-th transmitter
antenna (see Appendix A). If the receiver for the ideal LoS
MIMO link is used and transmitter 2 (Tx2) does not
transmit (x2(t) = 0), the receiver output is written as3)

x̂1ðtÞ
x̂2ðtÞ

� �
¼ G11 þ G21ð Þx1ðtÞ

�jG11 þ jG21ð Þx1ðtÞ
� �

: (4)

Figure 3 shows the simulation and measurement results
for the powers of x̂1ðtÞ and x̂2ðtÞ, as well as the ratio
between them.4) In Fig. 3, the power of x̂2ðtÞ is minimized
when there is no amplitude difference (G11 = G21).
However, the power of x̂2ðtÞ increases rapidly as the
amplitude difference increases.
In order to examine the influence of a phase mismatch,

it is assumed that h is not equal to p/2 (see Appendix B).
Channel matrix H is then written as

H ¼ 1 e j h

e j h 1

� �
: (5)

If the receiver for an ideal LoS MIMO link is used and
transmitter 2 (T92) does not transmit (x2(t) = 0), the
receiver output is written as5)

x̂1ðtÞ
x̂2ðtÞ

� �
¼ 1þ e j ðh�p=2Þ� �

x1ðtÞ
e �jp=2 þ e j h
� �

x1ðtÞ
� �

: (6)

The powers of x̂1ðtÞ and x̂2ðtÞ are written as

Px̂1ðtÞ
Px̂2ðtÞ

� �
¼ 2ð1þ sin hÞx1ðtÞ

2ð1� sin hÞx1ðtÞ
� �

: (7)

Figure 4 shows the simulation and measurement results
for the powers of x̂1ðtÞ and x̂2ðtÞ, as well as the ratio
between them. In Fig. 4, the power of x̂2ðtÞ is minimized
at h = p/2. However, the power of x̂2ðtÞ increases rapidly
as h diverges from p/2. From Figs. 3 and 4, we can see
that alignment mismatch compensation is required for LoS
MIMO communication.

III. Alignment Mismatch Compensation for a LoS
MIMO Link

A singular value decomposition (SVD) method is used
to achieve maximum performance in MIMO systems [20].
Using SVD, an N9M channel matrix H is decomposed as

H ¼ URVH ; (8)

where U and V are N 9 N and M 9 M unitary matrices,
respectively. Here, Σ is a diagonal matrix of the singular
values of H sorted in descending order, and V is a
precoding matrix. After completing the estimation of H in
the receiver, V from the SVD is fed back to the transmitter
for precoding. It is worth noting that the SVD-MIMO
system requires closed-loop control.
We propose an open-loop architecture-based

compensation method. The proposed method utilizes a
zero-forcing method with the following characteristics.
First, the open-loop architecture of the proposed
compensation method is simple and enables facile
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Fig. 3. Simulation and measurement results of amplitude
mismatch.

3)Because G11 and G21 are the same in an ideal LoS MIMO link, the signal x1(t)
of transmitter 1 is not detected by receiver 2.

4) For the amplitude difference between receivers, 1 dB and 2 dB fixed
attenuators with an identical phase are used between the receiving antenna and the
low-noise amplifier.

5)Because h is equal to p/2 in an ideal LoS MIMO link, the signal x1(t) of
transmitter 1 is not detected by receiver 2.
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construction of communication systems. Second, by using
fully digital technology, the proposed compensation
method does not require any feedback to the analog
receiver. Third, the proposed method is robust against a
carrier frequency offset because it transmits a preamble
signal on both transmitters at the same time. The proposed
compensation method consists of channel matrix
estimation and alignment mismatch compensation. The
magnitude and phase of the correlation of the received
signal are used for channel matrix estimation. The
demodulator for each receiver antenna has correlators for
the preambles of transmitters 1 and 2. In receiver 1, the
correlation for the transmitter 1 preamble is used as the
estimated channel gain from transmitter 1 to receiver 1
(Ĥ11). The correlation for the transmitter 2 preamble is
used as the estimated channel gain from transmitter 2 to
receiver 1 (Ĥ12). Additionally, in receiver 2, the
correlation for the transmitter 1 preamble is used as the
estimated channel gain from transmitter 1 to receiver 2
(Ĥ21) and the correlation for the transmitter 2 preamble is
used as the estimated channel gain from transmitter 2 to
receiver 2 (Ĥ22). As shown in Fig. 5, an alignment
mismatch compensation block is located in the receiver.
The inverse of matrix Ĥ is calculated in the compensation
block. The alignment-mismatch-compensated signal is
written as

~y ¼ Ĥ�1y: (9)

Using (2), the alignment-mismatch-compensated signal is
written as

~y ¼ Ĥ�1Hx: (10)

Figure 6 shows the simulation results for the power
ratio between x̂1ðtÞ and x̂2ðtÞ, obtained using alignment
mismatch compensation. When compared to Figs. 3, 4,

and 6, the signal separation performance is improved by
more than 20 dB. Additionally, Fig. 6(b) shows that using
alignment mismatch compensation yields signal separation
performances that are almost the same for phase
mismatches ranging from 0° to 180°.

IV. System Architecture and Function Block

Figure 7 and Table 1 show a block diagram and the
specifications of the proposed system respectively. The
specifications are based on the ETSI PTP communication
standard [1]. The proposed system uses a 2 9 2 LoS
MIMO architecture. The same antennas must be used for
both the transmitters and receivers in this system. The
proposed system uses FDD with a duplex spacing, defined
as the difference between the transmitting frequency and
the receiving frequency, of 1,010 MHz. The proposed
system provides a data rate of 356 Mbps. The digital
modulator uses a 512-point fast Fourier transform (FFT)-
based OFDM with 16-QAM for every subcarrier.
Additionally, a 16-bit resolution digital-to-analog
converter (DAC) operates at 122 Ms/s. In the RF
transmitter and receiver, 2 GHz to 3 GHz and 18 GHz
bands are used for the IF and RF stages respectively. The
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Ĥ11

Ĥ12

Ĥ21
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Fig. 5. Block diagram of the alignment mismatch compensation
method.
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Fig. 6. Simulation results of alignment mismatch compensation:
(a) amplitude and (b) phase mismatches.
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RF transmitter generates an output power of up to 10
dBm.6) A 12-bit resolution analog-to-digital converter
(ADC) operates at the same sampling rate as the DAC in
the receiver. Figure 8 shows a detailed block diagram of
the two-channel RF/IF transceiver. In the IF transmitter,
the digital-to-analog-converted signal is low-pass filtered
with a cutoff frequency of 28 MHz. A passive 2 GHz to 3
GHz I/Q modulator is used for the up-conversion. The
techniques in our previous study are used for the I/Q
demodulator, mixer, channel band-pass filter (BPF), and
antenna [19]. Figure 9 and Table 2 show the measurement
results of the RF transmitter and receiver module
respectively.

Figure 10 shows a block diagram of the digital modem.
We use a Xilinx Virtex-7 XC7VX980T field-
programmable gate array (FPGA). The structure of the
preamble is nearly identical to the one used in our
previous study [4]. However, because the FFT size is
different from that in our previous study, the preamble
code and the number of subcarriers for the preamble data
are different. The number of subcarriers for the first,
second, and third sections in the preamble are 128, 32, and
128 respectively. In particular, the first section in the
preamble is used for the LoS MIMO alignment mismatch
estimation and compensation, as well as for the signal
detection and automatic gain control (AGC). Most of the
modulation and demodulation techniques in our previous
study are intended for use in a digital modem [4].7) For
LoS MIMO communication, the cross-correlation of the
first section of the preamble is used for LoS MIMO

5

7

9

11

13

15

17

19

17.8 18.0 18.2 18.4 18.6 18.8 19.0 19.2 19.4 19.6

R
F 

ga
in

 (d
B

), 
O

P1
dB

 (d
B

m
)

RF frequency (GHz)

Tx1 gain
Tx2 gain
OP1dB

0
2
4
6
8

10
12
14
16
18
20

2.16 2.36 2.56 2.76 2.96 3.16 3.36 3.56 3.76 3.96

R
F 

ga
in

 (d
B

), 
N

F 
(d

B
)

IF frequency (GHz)

Rx1 gain
Rx2 gain
NF

(a) (b)

Fig. 9. Measurement results of the RF modules: (a) gain and output P1 dB of the RF transmitter module and (b) gain and noise
figures of the RF receiver module.

Table 1. Specifications of the proposed system.

Parameter Specification

Frequency 17.81/18.82 GHz

Duplex scheme FDD

Data rate 356 Mbps

No. of channels 2

Channel spacing 56 MHz

FFT size 512

Subcarrier frequency spacing 119.35 kHz

Modulation 16-QAM

Max. transmit power 10 dBm

Table 2. Measurement results of the RF modules.

Parameter
Measurement

result

RF transmitter
module

Gain > 12.1 dB

Output P1 dB > 12.7 dBm

Power dissipation
(2 channels)

1,100 mA@ 12 V

RF receiver
module

Gain > 13.6 dB

Noise figure < 6.54 dB

Input P1 dB > –20 dBm

Power dissipation
(2 channels)

860 mA @ 12 V

6)An additional power amplifier (gain ≥ 15 dB, output P1 dB ≥ 25 dB) is
necessary for a communication link of 1 km of small cell backhaul in the 18 GHz
band. The following are the link budget parameters for power amplifier
specification; back-off value for a 16-QAM OFDM: 13 dB, transmitter antenna
gain: 25 dBi, atmospheric loss: 0.05 dB, rain loss: 4 dB, and receiver antenna gain:
25 dBi.

7)These are the modulation scheme, forward error correction (FEC) technique,
signal detection, timing synchronization, carrier frequency offset compensation,
and carrier phase recovery.
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alignment mismatch estimation and compensation The
residual frequency offset can be reduced to 5 kHz or less
by using coarse and fine frequency offset compensation.
Additionally, a data aided algorithm is used to estimate the
channel impulse response [21], [22].

V. Experimental Results

Figure 11 displays photographs of the developed
system. In Fig. 11(a), the small black box shown in the

bottom right corner is the developed system. Figure 12
shows the measured error vector magnitude (EVM). By
using the proposed alignment mismatch compensation
method, we can see that the performance of the EVM is
almost the same as that for values of h between 30° and
150°.8) Figure 13 shows the effect of h and the
alignment mismatch compensation method on the
constellation. As shown in Fig. 12, the system
performance becomes robust to variations in h if the
alignment mismatch compensation method is used.
Figures 14 and 15 show the measured bit error rate
(BER) performance.9) Figure 14 shows that the system
produces a BER of 10–5 at a signal-to-noise ratio (SNR)
of approximately 18.0 dB with a RS-FEC code. We find
that the performance of the 2 9 2 LoS MIMO is
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Fig. 10. Block diagram of the digital modem.
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Fig. 11. Photographs of the developed system: (a) system setup
for demonstration and (b) system platform.
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8)Additionally, if the alignment mismatch compensation method is not used, the
EVM performance becomes very sensitive to h.

9)BER is measured using the test setup shown in Figures 2 and 11.
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approximately 3 dB better than that of the SISO system.
Owing to the implementation loss in ADC resolution,
digital modem usage, alignment mismatch compensation,
and RF/analog circuit, the uncoded 16-QAM OFDM
suffers from further performance degradation compared
to the theoretical performance of a 16-QAM in an
additive white Gaussian noise channel.10) Figure 15
shows that the BER performance degrades slightly as h
diverges from p/2. The reason for the BER
degradation is that the proposed alignment mismatch
compensation method separates the signals from
transmitters 1 and 2, but underperforms the SVD in
terms of the SNR.

VI. Conclusion

We presented a K-band (18 GHz) 16-QAM OFDM-
based 2 9 2 LoS MIMO communication system in this
paper. The system uses a fully digital open-loop alignment
mismatch compensation technique that is robust against
variations in path length difference. The hardware
measurement results show that when the alignment

Fig. 13. Constellation measurement results when the alignment mismatch compensation is (a) not used and (b) used.

1E-05
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1E-02

1E-01

15 16 17 18 19 20 21 22 23 24

SNR (dB)

B
ER

Coded 2 × 2 LOS MIMO (16-QAM, θ = π/2, measured)
Uncoded 2 × 2 LOS MIMO (16-QAM, θ = π/2, measured)
Uncoded 16-QAM OFDM (measured)
Uncoded 16-QAM (theory)

Fig. 14. Measured BER performance.

10)Figure 3 shows that the BER performance of the LoS MIMO system is
maximized when there is no amplitude difference. Thus, signal-to-interference
ratio is equal to 0 dB in a LoS MIMO link. This causes a loss in resolution of 1 bit
at ADC for the signal in the desired channel. Additionally, the resolution of ADC
degrades by approximately 4 bits due to noise in the digital board. Consequently,
the effective resolution of ADC is limited to 7 bits. Through simulation, it was
verified that the ADC resolution degradation causes approximately 1.5 dB in
additional degradation at a BER of 10�5, in addition to an implementation loss of 1
dB in a conventional wireless communication system.
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mismatch compensation method is used, the EVM,
constellation, and BER all become robust against variations
in path length difference. The hardware measurement
results showed a BER of 10–5 at an SNR of approximately
18.0 dB. The developed system is applicable to narrow-
band PTP wireless backhaul networks.

Appendix A: Antenna Characteristics

In a real-world system configuration, as shown in
Fig. 16, there is an amplitude difference between the
signals received by each receiver antenna due to the beam

pattern of the transmitting antenna. In commercial 18 GHz
PTP wireless links, a parabolic reflector antenna with a
high gain is generally used for long-distance transmission
[23]. The specifications of these commercial antennas are
shown in Table 3. Figure 17 shows a 1-dB beam width
for the antennas in Table 3, as well as an optimal antenna
spacing for a 2 9 2 LoS MIMO link based on link
distance. At link distances of 100 m, 250 m, 500 m, and
1,000 m, the 1-dB beam widths of 1, 2, 3, and 4-foot
antennas, respectively, are the same as the optimal antenna
spacing for a 2 9 2 LoS MIMO link. While the spacing
for a 1-dB beam width is a linear function of link distance,
the optimal antenna spacing for a LoS MIMO link is a
square root function. Thus, even when the same antenna is
used, we observe a variation in each received power level
based on link distance.
Figure 18 shows the antenna gain curves for beam

widths between 0° and 1°, as well as optimal antenna
spacings of 25 m, 50 m, 100 m, 200 m, 300 m, 400 m, 500

Table 3. Specifications of commercial 18 GHz band parabolic
antennas.

Type 1 feet 2 feet 3 feet 4 feet 6 feet

Gain (dBi) 34 38.6 42 44.5 48

3 dB BW (°) 3 2 1.3 1 0.7

1 dB BW (°) 1 0.66 0.43 0.33 0.23

Diameter (m) 0.3 0.6 0.9 1.2 1.8
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m, and 1,000 m. A 4-foot antenna has a 12.5-dB
amplitude variation at link distances between 50 m and
1,000 m, whereas a 1-foot antenna has a 1.4-dB amplitude
variation. This means that an antenna with a beam width
wider than the optimal antenna spacing is advantageous in
a LoS MIMO link.

Appendix B: Phase Mismatch in a LoS MIMO
Link

Figure 19 illustrates the relationship between antenna
spacing, link distance, and h in an 18 GHz band. In
Fig. 19, when link distance is changed from 976 m to 325
m, h changes from 45° to 135°. However, h also changes
from 45° to 135° when antenna spacing is changed from
1.43 m to 2.48 m. This means that h is more heavily
influenced by antenna spacing than by link distance.
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