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Abstract—This paper examines a 2x2 LoS (Line of Sight)
MIMO (Multiple Input Multiple Output) channel for terahertz
communications. Utilizing measurements, we extract channel
models which are then used in a simulation to produce bit error
rate curves for uncoded QPSK (Quadrature Phase Shift Keying).
The specific focus of this work is on studying the impact of
changing transmitter receiver distances and relative orientation.
Since the terahertz band has a small wavelength, such small
movements can have a large impact on the channel. The results
support this intuition and show that horizontal displacements
of one antenna relative to another by distances as small as 1-
2 cm can cause the bit error rate to increase by an order of
magnitude. Similarly, utilizing sub-optimal antenna spacing at
the transmitter and receiver can also result in similar types
of performance degradation. This study illustrates that while
LoS MIMO is an effective approach for utilizing the large
terahertz bandwidth, we need to consider the effects of antenna
deployments.

Index Terms—Terahertz, channel model, propagation, MIMO

I. INTRODUCTION

The terahertz band (from 0.1 to 10 THz) is emerging as
the next segment of the radio spectrum to be explored for
communications. Terahertz is mostly used today for sensing
applications, such as detection of various chemicals or for
scanning the body for skin cancer or at the airports (the
full body scanner), and other similar applications [1], [2].
However, various research groups have been studying the
potential of utilizing this spectrum for communications [3]–
[5]. The reason for this interest is the ability to provide very
high-bandwidth channels [6], [7] over short distances [8], [9].
This can enable a quantum leap in the types of applications
that can be deployed.

MIMO (Multiple Input Multiple Output) is an appropriate
mechanism to deliver high data rates at these frequencies.
Given the small wavelength, these arrays can be made small.
However, this part of the spectrum suffers significant atten-
uation in the atmosphere and reflections are virtually unde-
tectable, see Figure 1. As a result, we need to consider LoS
(Line of Sight) MIMO channels rather than the more common
NLoS channels studied at lower frequency bands. Unfortu-
nately, LoS channel capacity can be greatly affected by simple
changes in transmitter to receiver distance or orientation of
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Fig. 1. Attenuation of terahertz for two distances.

the antenna arrays relative to one another or the presence of
obstacles in the signal’s path. These are all situations which
will arise in any deployed terahertz system. In this paper we
analyze a 2 × 2 MIMO system using measurement-driven
emulation and study how small changes in relative antenna
orientation will affect channel capacity. We use measurements
at 140 GHz to obtain a MIMO channel matrix and then
simulate the communication channel to evaluate performance.

A. Related Work

Traditional applications of terahertz have been in sensing.
For example in detecting drugs, different types of explosives,
detecting skin cancer and as a non-destructive way to do
quality control for medication coatings, etc. [1], [2]. However,
there is increasing interest in utilizing this frequency band for
communications as well, due to the potential to provide very
high data rates. A technological barrier to developing terahertz
communications systems has been the difficulty in generating
powerful enough terahertz transmissions. For instance, the
microwave multiplier systems such as from [10] can provide
milliwatts of power while the opto-electrical systems have out-
put power of the order of micro watts only [11], [12]. However,
things are beginning to change with more industries showing
interest in exploiting this frequency band. For instance, Fujitsu
recently demonstrated a compact 20 Gbps radio operating at
300 GHz [13].

Most research on terahertz communications has focussed on
fixed point-to-point links utilizing simple modulation methods
like OOK and PSK. For instance at the low-end of the terahertz
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spectrum, Hirata et al [14] demonstrated 10 Gbps transmission
at 120 GHz frequency over a distance of almost 6 km. Kallfass
et al [15] demonstrated transmissions using OOK at 220 GHz
and achieved 50 Gbps over 50 cm distances. Song et al [16]
showed transmissions of 8 Gbps using ASK modulation over
250 GHz. Most recently, Jia et al [17] demonstrated 106 Gbps
at 400 GHz using a photonic wireless link. There have been
many other demonstrations as well [18]–[23] though a notable
one was by Koenig et al [24] in which they achieved 100 Gbps
over 20 m using a phased antenna array.

Our work looks at LoS MIMO links for terahertz. To date
there has been only limited work in this domain. [3] was one
of the earliest papers to consider terahertz MIMO for 5G.
They conducted measurements in the 298-313 GHz band and
provided estimates of capacity of a 2×2 system. However, they
did not simulate a communication system. Rather, they rely
on eye-charts to estimate capacity. They also do not consider
relative offsets of antenna arrays.

B. Summary of Paper

The main results of the paper are that best performance is
obtained when the inter-antenna spacing and the transmitter
to receiver distance follows a specific relationship (equation
3). When the receiver antenna shifts with respect to the
transmitter antenna or changes diustance, we see a sudden drop
in performance as measured by BER versus Eb/No curves for
uncoded QPSK.

The remainder of the paper is organized as follows. In the
nect section we present the model for LoS MIMO links. The
measurement setup is described in section 3, followed by the
results in section 4. We conclude in section 5.

II. MODEL FOR MIMO LOS LINKS

Line-of-Sight (LoS) MIMO, first analyzed in [25], refers to
the case where the non-line of sight paths between transmitter
and receiver antennas is non-existent. This model has been
studied for fixed microwave links and for mmWave as well
[26]. For the purposes of our discussion, let us assume that
both ends of a communication link have N antenna elements,
numbered 1 to N . Let dij denote the distance between the ith
element from one array to the jth element of the other array.
Finally, let us assume that the two arrays are parallel to each
other and the distance between them is D. Then, the channel
response matrix H for the LoS path can be written as [25],
[27],

H =


e−jkd11 e−jkd12 · · · e−jkd1N

e−jkd21 e−jkd22 · · · e−jkd2N

. . · · · .

. . · · · .

. . · · · .
e−jkdN1 e−jkdN2 · · · e−jkdNN

 (1)

where k is the wavenumber associated with the carrier fre-
quency. The capacity of the channel is written as,

C = log2

(
det

(
IN +

ρ

N
HH†

))
bps/Hz (2)

where IN is the N × N identity and ρ is the SNR. The
capacity is maximized when HH† = NIN . If we consider the
case when the antenna elements are spaced uniformly with a
distance of s between neighbors, then the maximum capacity
is attained when,

s2 =
Dλ

N
(3)

Intuitively, what maximizing capacity above means is that
the N channels are orthogonal to each other giving us the
equivalent of N SISO (Single Input Single Output) channels
that do not interfere with each other.
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Fig. 2. Relative receiver offset.

In this paper we are considering a 2 × 2 system only
but with non-optimal antenna placements. Specifically, we
consider cases where the receiver antenna array is displaced
laterally with respect to the transmit array as well as when it
is at a different distance. Figure 2 illustrates these different
cases. As shown in the figure, the inter-antenna spacing is
fixed at s. We consider two different distances for D in our
measurements. The displacement in Figure 2(b) is s and it is
2s in Figure 2(c). For any given placement of the antennas,
we can write the channel capacity of a 2 × 2 MIMO system
as,

C = log2

(
(ρ+ 1)2 − ρ2

4 (2 + ejk(d11+d22−d21−d12)

+e−jk(d11+d22−d21−d12))
) (4)

III. MEASUREMENT SETUP

We use a Rhode & Schwartz Vector Network Analyzer
(VNA) Figure 3(a). The setup is capable of producing signals
up to 700 GHz. The transmit and receive antennas we use
are horn antennas as shown in Figure 3(b) with gain 25 dBi
and a 120 half beam width (HBW). For this paper we only
focus on the lower part of the terahertz spectrum – 115 to
165 GHz. This is one of the frequency windows that have
lower atmospheric attenuation. Measurements were conducted
in the lab where the ambient temperature was 72F and relative
humidity was 40%. Other parameters of the experiment are
given below:

Output power 5 dbm
Center Frequency 140 Ghz
Bandwidth 115 to 160 GHz
Number of points 1001
IF Bandwidth 1 kHz
Averaging 10

In order to ensure our measurement setup was correct, we
first conducted a series of measurements where the transmit
antenna is fixed and the receive antenna is placed in four
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(a) Measurement System

(b) Top view of antennas

Fig. 3. Measurement setup.

different positions. Specifically, the distance between the trans-
mit and receive arrays is fixed at 25cm. The measurements
were conducted with the receive antenna then offset by 0cm,
1.64cm, 3.28cm, and 4.92cm. The downconverted magnitude
response is shown in Figure 4. We plot the received phase at
two antenna locations for a frequency of 140 GHz in Figure
5. Simple calculations show that the relative phase change is
consistent with the lateral antenna displacement. Finally, we
plot the relative attenuation when the receiver moves from
12.5cm to 25cm and when it moves from 25cm to 50cm,
Figure 6. The notable feature here is that signal strength
drops rapidly with distance (as observed in Figure 1) with
the implication that any terahertz channel will degrade rapidly
with increasing distance, unless we compensate with higher
transmit power or antenna gain or spatial techniques such as
MIMO.

IV. RESULTS OF 2× 2 LOS MIMO COMMUNICATION
CHANNEL WITH OFFSET

We next study how change in distance and relative offset of
the receiver will affect the communication channel. We assume
that the data stream is divided into two independent streams

Fig. 4. Magnitude of TX1 at four offset RX locations.

Fig. 5. Signal phase at two offset receiver positions.

and each is modulated using QPSK. This provides us with a
multiplexing gain and we do not require explicit space-time
coding. For the receiver, we assume perfect channel estima-
tion and optimal Maximum-Likelihood Estimation. Thus, our
results provide an upper bound on the best achievable channel
performance. We utilize the channel measurements to create
the channel matrix H for each case and then run simulations
using this matrix.

We divided our study into two parts. The first part focuses
on how receiver antenna offset relative to the sender will
affect performance. The assumption made here is that the
inter-antenna spacing s is optimal for when the transmit and
receive antennas are perfectly aligned. We consider two Tr/Rx
distances D = 12.5cm and 50cm with inter-antenna spacing of
1.16cm and 2.31cm respectively. For each case, we consider
offsets of s and 2s. Figures 7 and 8 plot the BER versus Eb/No
for these cases.

We first observe that for both distances D, an increase in
offset results in worsening performance. This is because as
the offset increases, there is a loss of independence between
the spatial channels and HH† is no longer close to NIN .
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Fig. 6. Relative drop in magnitude with distance.

Fig. 7. ML Receiver performance D = 12.5cm and s = 1.16cm (optimal).

Comparing the two figures, however, we note something
counter-intuitive. We see that with the exception of the no
offset case, the curves are skewed towards higher Eb/No values
for the shorter distance of 12.5cm (for the same BER). To
understand this, note that in the no offset case we have a better
channel at a smaller distance because the horn antenna has a
very narrow beam which results in a much stronger signal at
12.5cm as compared to 50cm distance. For the offset cases, the
reason the 50cm distance shows better performance relative to
the 12.5cm distance is because the offset angle at an offset
of s is 84.690 for 12.5 while it is 87.350 for 50cm (the no
offset case corresponds to an angle of 900). Similarly, for an
offset of 2s the angles are, respectively, 79.480 and 84.720.
Having a narrower angle for the longer distance means that
the channel is closer to optimal (zero offset) and hence we see
better performance for the longer distance.

For the second study, we fix the inter-antenna spacing at
the transmitter and receiver to s = 1.16cm (i.e., the optimal
value for D = 12.5cm). However, we then move the receiver
antenna to a distance of 50cm and look at the zero offset,
s = 1.16cm and 2s = 2.32cm offset cases. This is a more
realistic situation because in any real-life scenario the antenna

Fig. 8. ML Receiver performance D = 50cm and s = 2.31cm (optimal).

spacing at a device is fixed. We plot the BER versus Eb/No
curves for the 50cm distance in Figure 9.

Fig. 9. D = 50cm, s = 12.5cm.

Let us first compare the no offset case between Figure 9 and
8. The performance is somewhat degraded when the value of
s is 1.16cm since that is not the optimal antenna separation
for 50cm distance. However, we note that when the offset is
1.16cm in Figure 9 the performance is better than the no offset
case. Examining the various dij values, it turns out that this is
a very special case that results in better channel separation at
the receiver due to the offset. Finally, as the offset is increased
even further to 2.32cm the performance degrades rapidly. This
is expected since the channels are highly correlated.

V. CONCLUSIONS

In this paper we study a novel MIMO problem that will
arrise in terahertz systems. Given the small wavelengths at
these frequencies, the optimal antenna separation in an array
is small. As a result, any movement by the transmitter or
receiver can very quickly make the channel poor. Though, in
some rare case as illustrated by the offset of s case in Figure
9, the performance suddenly improves. This suggests that
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terahertz MIMO may be better suited to static deployments
rather than mobile deployments. Alternatively, it may be a
better strategy to utilize antenna arrays to create smart antenna
systems to boost gain and mitigate the huge attenuation. Future
work will expand the measurements for 2× 2 MIMO systems
to more distances and offsets. This will give us a better
understanding of how rapidly the channel can degrade as a
function of variable distances and offsets. We will also conduct
measurement studies of non-parallel antenna arrays.
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