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Abstract—To enlarge the range of wireless fronthaul and
backhaul communication links operating close to the millimeter-
wave (mmW) region, this work presents a novel Line-of-Sight
(LoS) Multiple-Input Multiple-Output (MIMO) relay system. The
analog relay system consists of a simple 90° hybrid coupler to
separate two uncorrelated transmit data streams realizing a low-
complex and cheap system. The functional capability is proven
within measurements of two independent 2× 2 LoS MIMO links
at 28GHz connected by the relay system. A high decoupling
of the two independent transmitted data streams of more than
27dB after the 90° hybrid coupler and a high modulation error
rate (MER) at the last receiver of around 22dB could be reached
for QPSK and 16-QAM modulated signals.

Index Terms—MIMO, Relay networks

I. INTRODUCTION

To overcome the bandwidth shortage in the frequency spec-
trum below 6GHz, next-generation mobile communication
systems will exploit the mmW spectrum [1]–[3]. One inter-
esting frequency band lately specified by the 3rd generation
partnership project is the n257 band ranging from 26.5GHz
to 29.5GHz [4]. Within this frequency band directional high
data rate links are required for mobile radio communication
networks for fronthaul and backhaul communication [5]. These
links allow to transport the growing amount of mobile data
towards the backbone and enable a flexible connection be-
tween mobile radio base stations. To bridge larger distances
or blocked LoS connections relay systems are required [6].
To further increase the data rate of directional links so-
called LoS MIMO systems can be used [7]–[14]. In general,
multiple independent transmitted data streams radiated via
parallel wireless communication links would interfere with
each other. However, by correct adjustment of the antenna
spacing at the transmitter and receiver, the parallel transmitted
data streams can be separated by equalization at the receiver
[15]. The spatial distance between the multiple transmit and
receive antennas thereby depends mainly on the distance
between transmitter and receiver [16]. This principle works
in contrast to classical spatial multiplexing techniques used
in MIMO communication also in purely directional links, i.e.
communication links without any multipath channel [15], [17].
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To reduce the system complexity several LoS MIMO
demonstrators have been presented in literature using analog
equalization circuitry at the receiver [8], [18]–[22]. In this
work we simplify the concept of the analog equalization
to its minimum, by employing a single 90° hybrid coupler.
This approach drastically reduces the hardware complexity
and thereby lowers costs. The high decoupling of the par-
allel transmitted data streams after the 90° hybrid coupler is
verified within measurements. Furthermore, the concept of a
transparent communication link through the relay system by
connecting two 2 × 2 LoS MIMO links operating at 28GHz
is proven.

II. LOS MIMO USING ANALOG BEAMFORMING

In wireless propagation scenarios, without any multipath
propagation, a spatial multiplexing gain can be achieved by
correct adjustment of the transmit and receive antenna spacing
[16], [23]. The optimum antenna spacing is given by [11]

dopt =

√
λ · dc
N
·K (1)

with K = 2i + 1 and i ∈ N0, where λ represents the
signal wavelength, dc the distance between the transmitter
and receiver and N the number of antennas at each side.
At the receiver the uncorrelated transmit data streams can
be recovered using analog or digital channel equalization.
Especially, analog channel equalizers are interesting for relay
systems as analog-to-digital and digital-to-analog conversion
as well as digital signal processing is not necessary. This
drastically reduces the hardware and operation costs.

A. 90° Hybrid Coupler Concept

By employing a 90° hybrid coupler with its transfer
matrix [24]

T =
−1√
2

(
j 1
1 j

)
(2)

the over the air superimposed uncorrelated signals, sent from
each antenna independently, can be recovered. Important is an
adjustment of the received power and an equal group delay
from the receive antennas to the corresponding input port
of the 90° hybrid coupler, as imbalances in amplitude and
phase will cause crosstalk between the two independent data
streams. It should be noted, that for large distances dc � dopt
between the transmitter and receiver the received power will
be approximately identical. However, differences in phase
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Fig. 1. Block diagram and results of the 2× 2 LoS MIMO relay system operating at 28GHz.

between the receive chains can not be avoided and have to
be calibrated out.

Considering a frequency non-selective 2 × 2 LoS MIMO
scenario with dopt(i = 0) the MIMO channel matrix results to

H =

(
j 1
1 j

)
(3)

and the output of the 90° hybrid coupler can be calculated as

~z = T · ~y

=
−1√
2

(
j 1
1 j

)(
1 j
j 1

)(
x1
x2

)
+ T · ~n

=
−2j√

2

(
x1
x2

)
+ T · ~n

(4)

with the received signal vector ~y = (y1, y2)
T represented by

~y = H~x+ ~n (5)

where ~x = (x1, x2)
T represents the transmitted signal vector

and ~n denotes an additive random white Gaussian noise vector.
It is shown by Eq. 4 that by using an ideal 90° hybrid coupler
the influence of the LoS MIMO channel can be removed
and the two in air combined data streams sent by the two
transmit antennas can be separated at the receiver. However,
in case of a non-ideal antenna spacing the coefficients of the
MIMO channel matrix change, which results in a reduced
decoupling between the two transmitted data streams and
thereby a reduced reachable spectral efficiency. Furthermore,
multipath propagation may decreases the spectral efficiency
as time delayed replicas of the two transmit signals would
interfere and cause inter-symbol-interferences (ISI). To avoid
ISI the maximum excess delay has to be smaller than the
symbol duration, i.e. the channel is considered as frequency-
nonselective [25].

B. Analysis of Non-ideal Relay Systems

Assuming a non-ideal 2 × 2 LoS MIMO relay system the
received signal at the last receiver results to

~ω = H2TH1~x+ ~n

=

(
ε211 jε212
jε221 ε222

)
−1√
2

(
jtε11 tε12
tε21 jtε22

)
·
(

ε111 jε112
jε121 ε122

)(
x1
x2

)
+ ~̂n

(6)

with the error channel coefficients ε1xx and ε2xx of the first and
second MIMO channel matrices H1 and H2, respectively.
The errors introduced by a non-ideal equalization within
the relay are denoted as tεxx. The influences of a non-ideal
channel matrix, e.g. caused by a misalignment of the antennas,
are investigated by the authors in [23]. Therefore, we only
focus errors introduced by the non-ideal relay system, i.e.
ε1xx = ε2xx = 1 and H1 = H2 = H . For simplifi-
cation only symmetric errors in amplitude and phase are
considered for the relay system, i.e. tεd = tε11 = tε22 and
tεc = tε12 = tε21. This assumption is valid, as the employed 90°
hybrid coupler is symmetric and operated at the intermediate
frequency (IF) around 2.66GHz, which reduces the influence
of manufacturing errors. The considered amplitude and phase
imbalances denoted by Ae and ϕe lead to the coefficients
tεd = (1 + Ae

2 ) · ej·(ϕe/2) and tεd = (1 − Ae

2 ) · ej·(−ϕe/2). As
performance metric serves the spectral efficiency or maximum
sum rate given in bps/Hz, which can be calculated by [26]

R = log2

{∣∣∣∣INant +
γ

Mant
ĤĤ

H
∣∣∣∣} (7)

with the normalized channel matrix ||Ĥ||2 = NantMant, where
Mant and Nant denote the number of transmit and receive
antennas and INant represents the identity matrix of dimension
Nant. To calculate the spectral efficiency of the overall relay
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Fig. 2. Influences of amplitude and phase imbalances wihtin the relay system
onto the spectral efficiency of a 2× 2 LoS MIMO relay system.

connection the total channel matrix results to Ĥ = H2TH1

as shown in eq. 6. Furthermore, the signal-to-interference-
plus-noise ratio (SINR) γ has to be considered, as a non-
ideal equalization within the relay would lead to crosstalk
between the two uncorrelated transmit data streams. The SINR
introduced by a non-ideal equalization within the relay system
results to

γ =
Ps

Pi + Pn
=

|tεd + tεc|
2

|tεd − tεc|
2
+ Pn

(8)

where Pn represents the noise power. Based on the presented
equations the spectral efficiency is calculated considering
imbalances in amplitude and phase of the relay system as
shown in Fig. 2. The noise power is kept constant with a
signal-to-noise ratio (SNR) of 20 dB. The results show that
for small phase imbalances the loss in spectral efficiency is
considerably low. A phase imbalance of ϕe = 5° leads to a loss
in spectral efficiency of 0.5 bps/Hz, considering a sufficiently
low amplitude imbalance (< −40 dB). To limit the loss in
spectral efficiency to 0.5 bps/Hz the amplitude imbalances
should be less than −21 dB, in case the phase imbalances
are negligible. These results give important feedback to the
design requirements of the 90° hybrid coupler or more general
the analog equalization network and help finding the optimal
operation frequency.

III. LOS MIMO RELAY SETUP

To verify the analog channel equalization using a 90°
hybrid coupler a relay system operating at 28GHz has been
developed. To achieve a higher robustness against amplitude
and phase imbalances, introduced for example by manufactur-
ing tolerances, the 90° hybrid coupler operates at the IF of
2.66GHz within a heterodyne system architecture. It should
be noted, that the 90° hybrid coupler may be directly integrated
within the RF front- and backend without requiring up- and
down-conversion to IF. The block diagram of the relay system
is shown in Fig. 1. At the first transmitter and last receiver
end software defined radio (SDR) from Ettus Research Inc.
of type USRP X310 are utilized, which perform analog-to-
digital and digital-to-analog conversion as well as baseband to
IF up- and down-conversion, amplification and filtering. The
radio frequency (RF) front- and backends perform IF to RF
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Fig. 3. Measurement results of the 90° hybrid coupler.

conversion as well as amplification and bandpass filtering as
presented by the authors in [27]. To avoid frequency offsets
between the transmitter and receiver, the local oscillators (LO)
for the RF front- and backends and the SDRs are synchronized
using a 10MHz reference signal. As the receiver of the
first 2 × 2 LoS MIMO link introduces itself imbalances in
amplitude and phase due to non-phase-matched cables, devi-
ations within the RF chains, manufacturing tolerances of the
housing and circuit boards, etc. these imbalances are calibrated
out upfront using mechanical adjustable phase shifters and
variable attenuators in front of the 90° hybrid coupler. The
coupler itself is manufactured using standard two metal layer
printed circuit board (PCB) and FR-4 as substrate with 0.6mm
thickness. The measurement results are depicted in Fig. 3. At
the utilized IF of 2.66GHz the return loss is better than 18 dB
and the introduced transmission losses are around 1 dB. The
phase difference at 2.66GHz of the outputs differs from the
ideal 90° by 3.3° and the amplitude imbalances are around
−16 dB. The measured isolation between the input ports is
17 dB. Using the results shown in Fig. 2 the loss in spectral
efficiency introduced by the 90° hybrid coupler at 2.66GHz
is 1.5 bps/Hz. By selecting the IF to 2.55GHz this loss could
be reduced to 0.8 bps/Hz.

As antennas eight identical 2×2 dielectric resonator antenna
arrays are designed, measured and built up. The antennas use a
standard two metal layer PCB process for the feeding structure
and 3D printing for fabrication of the dielectric resonators. The
PCB consists of a 203 µm thick Rogers 4003 substrate. The
cylindrical dielectric elements are printed using an Ultimaker 3
Extended 3D printer with the dielectric material Preperm L450
offering an εr of 4.5. The feeding of the dielectric resonators
is done via two elliptical monopole elements radiating into
a circular slot within the ground plane. The monopoles are
thereby fed with a 180° phase shift. The 3D printed dielectric
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Fig. 4. Antenna pattern in azimuth and elevation of the 2 × 2 dielectric
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resonator elements are placed manually and glued onto the
circular slots using Loctite 406 adhesive. The antennas are
characterized by its large bandwidth covering the full 3GHz
of the n257 band with an measured antenna array gain of
larger than 7.6 dBi and a return loss of better than 10 dB.
At the carrier frequency used within the measurements of
28GHz each array achieves a gain of 8.7 dBi. The half-power
beamwidth in azimuth is 34°. The antenna pattern of the
antenna in azimuth and elevation is given in Fig. 4. A photo
of the front and back of the antenna with its 3D printed holder
is shown in Fig. 1. A dual-polarized version of the DRA with
a more detailed description is presented by the authors in [28].

To avoid any multipath propagation the measurements took
place in an anechoic chamber. The ideal antenna spacings are
calculated using equation 1 and result for the first link with a
distance of 1.2m to an antenna spacing of 8 cm and for the
second link with a distance of 2.56m to an antenna spacing
of 11.5 cm. A photo of the relay system is shown in Fig. 5.

IV. MEASUREMENT RESULTS

To analyse the performance of the relay system two uncor-
related data streams are generated at the first transmitter. As
signal waveform QPSK and 16-QAM signals are utilized with
a frame length of 2000 symbols. Furthermore, pulse-shaping of
the transmit signals is performed using a Root-Raised-Cosine
filter with roll-off factor of 0.35 and an oversampling factor
of 16. The output sample rate of the SDR is set to 4MHz. At
the final receiver the data is recorded for several seconds and
evaluated in post-processing.

At first the constellation diagrams and MERs at the output
ports of the 90° hybrid coupler are determined. Therefore, a
SDR is connected to the output of the 90° hybrid coupler
enabling the digitalization of the output signals. In post-
processing only downsampling using matched filtering is
performed, meaning no digital equalization takes place. The
results are shown within the block diagram in Fig. 1. For a
QPSK signal a MER of higher than 24.5 dB could be achieved
for both channels. To analyse the cross-coupling between the
two channels only one transmitter is activated and the received
power at both outputs of the 90° hybrid coupler is compared.
Thereby a decoupling of the channels of more than 27 dB
could be achieved. The separated signals after the 90° hybrid

Fig. 5. Photo of the relay setup including the receive antennas of the first
LoS MIMO link on the left side and the transmit antennas of the second
LoS MIMO link on the top right of the photo. The antenna modules are
mounted on rails to precisely adjust the spacing between them. The variable
attenuators 50R-408 from JFW Industries have a total range of 10dB and
can be adjusted in 1dB steps. The mechanical adjustable phase shifters
LS-0170-1121 from Spectrum Elektrotechnik GmbH offer a nominal phase
shift of 0.36 °/GHz/Turn.

coupler are then up-converted and transmitted by the second
2 × 2 LoS MIMO link. At the final receiver the signals are
digitally equalized using an estimate of the MIMO channel
matrix of the total link. The required estimation of the MIMO
channel matrix for equalization is performed by separating
the two transmit signals using code division multiple access
(CDMA). It should be noted, that in real systems the separation
by CDMA is only required during the channel estimation
process, which has to be repeated according to the coherence
time of the channel. The results are displayed in Fig. 1 as well.
Compared to the results after the 90° hybrid coupler the MER
slightly decreased by less than 3 dB to 21.9 dB for channel 1
and 22.9 dB for channel 2 respectively. Moreover, the signal
quality at the last receiver is shown for a 16-QAM signal
achieving a high MER of 24.1 dB and 23.8 dB for channel 1
and 2 respectively.

To put the results into perspective, the signal quality is
compared to a SISO relay transmission by turning off one of
the two virtual channels. This means, that either the antennas
in Fig. 1 labeled 1,3,5,7 or the antennas labeled 2,4,6,8 are
active. The achieved MER values at the final receiver end are
with 21.9 dB for channel 1 and 24.0 dB for channel 2 similar
to the ones for the 2× 2 LoS MIMO link. Consequently, the
link performance is not limited by the interference between
the two parallel links, but rather by the noise of the link itself.

V. CONCLUSION

This work presents a novel 2× 2 LoS MIMO relay system
operating at 28GHz using a simple 90° hybrid coupler for
analog channel equalization. To the best of our knowledge
this is the first realized and measured analog LoS MIMO relay
system. The measurement results show a high decoupling of
the channels of more than 27 dB and MER values of 22 dB at
the total link end. The results prove the practical feasibility of
the system concept realizing a low-cost and hardware efficient
solution for relay systems connecting directional wireless
communication links.
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