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Abstract—Line of Sight (LoS) Multiple Input Multiple Output
(MIMO) terahertz communication channels suffer from a de-
crease in capacity in the far field due to the channel matrix only
having single rank. Prior work in millimeter wave (mmWave) sys-
tems has considered the design of Intelligent Reflective Surfaces
(IRSs) to mitigate this problem by introducing phase variation
in reflected signals. Given the high cost of IRSs, we propose
inexpensive Random Reflective Surfaces (RRSs) to create a rich
multi-path environment for terahertz.

In this work, we build three RRSs using high-density polyethy-
lene (HDPE) sheets embedded with tiny copper flakes at different
densities. The reflection behavior of these systems is studied in a
terahertz testbed where we focus on the frequency band centered
at 410GHz. Using 2x2 MIMO measurements in this testbed,
we show that our RRS designs indeed do improve capacity as
compared to reflections from polished aluminium (which behaves
like a LoS channel). In addition, we examine the range of reflected
phase produced and show that, indeed, the high variation in phase
leads to improved channel capacity for the case when the channel
state information is only available at the receiver (CSIR) for 2x2
MIMO.

Index Terms—Terahertz, reflective surfaces, mimo

I. INTRODUCTION

Given severe attenuation suffered by terahertz signals that
are naturally reflected in the environment, LoS MIMO is
considered the primary mechanism for providing high data rate
links at these frequencies. Unfortunately, LoS MIMO capacity
is relatively lower in the far field because the channel matrix
is single rank [13]. Indeed, the optimal antenna configuration
in this case is a directional beam. Millimeter wave systems
suffer from a similar problem. In this domain, Intelligent
Reflective Surfaces (IRSs) have been studied for enhancing
MIMO capacity. In a typical design, using end-to-end channel
state information, a centralized controller adjusts the phase of
the reflected wave for each antenna element. The controller
determines these phase shifts by solving a complex optimiza-
tion problem for the given communication scenario. It has
been shown that this method ensures capacity maximization
for MIMO links. Unfortunately, this approach has significant
complexity (as we describe in section II) which has hampered
deployment of such systems.
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Our work considers the problem of creating a phase-rich
environment for terahertz channels. Unlike millimeter waves
or lower frequencies, terahertz signals are easily blocked,
suffer huge attenuation upon reflection from many common
surfaces, and are absorbed in the atmosphere. As a result,
we cannot rely on the propagation environment to provide a
diversity of reflected paths. We propose utilizing reflectors,
where each element introduces a random phase into the
reflected signal. Unlike IRSs, our design (called RRS) has no
controller and doesn’t require end-to-end channel knowledge
to adjust the reflected phase. Our hypothesis is that such
random reflective surfaces will provide a sufficient variation
in reflected phase to enable good MIMO channels. Of course,
the RRS enabled channels will not be optimal but we believe
that their simplicity will enable wide-spread deployment and
use.

In this work, we design simple RRSs and characterize their
behavior using a terahertz testbed. The RRSs consist of three
layers — a large number of randomly placed copper chips on a
HDPE plate with an aluminium backing. We present results for
410GHz showing that our reflectors do indeed create a phase-
rich set of reflections which enhance channel capacity. We also
examine the design of the reflectors by varying the density of
reflective elements to determine the relationship between phase
distribution and density of the reflectors. We conclude that
our designs are excellent at providing a good communication
channel for terahertz MIMO.

The remainder of the paper is organized as follows. In
the next section we present related work. Subsequently, in
section III we discuss the theoretical motivation behind RRSs.
Section IV describes the design of our reflective surfaces and
we present measurement results in section V. We conclude in
section VL.

II. RELATED WORK

Intelligent Reflective Surfaces (IRSs) or Re-configurable
Intelligent Surfaces (RISs) have been proposed as a way to
improve coverage and enhance capacity of mmWave networks.
The typical architecture of these systems consists of m antenna
elements placed on a flat surface with the necessary electronics
to allow each of the antennas to add a phase shift to the sum
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of the incident signals prior to reflecting them [23]. The opti-
mization problem consists of jointly determining the reflected
phase (from each element of the IRS) and the transmission
power matrix. A centralized controller is assumed to perform
these computations given complete channel state information,
[8], [23]. In [6] the optimization problem is formulated for the
multi-user case in mmWave systems.

Some authors [4], [5] have studied IRSs for terahertz where
they add the attenuation behavior of terahertz (i.e., molecular
absorption) to the channel model. However, the analysis is
based on simulation and modeling, not measurements. IRSs
have been considered in other contexts as well. For example,
in [21], the authors utilize IRS to enhance self-interference
cancellation for in-band full-duplex communication systems.
Several authors have explored the use of IRSs in vehicular
and aerial networks. [27] provides a survey of using IRSs
for 6G vehicular systems. The essential idea is identical to
indoor deployments — IRSs are deployed on building facades
to improve mmWave coverage.

Some variants of the IRS concept include programmable/re-
configurable meta-surfaces [25], [26] where artificial surfaces
are designed to allow manipulation of the incident waves in
space and frequency domains, software-defined surfaces [3]
where the IRS is capable of modulation, passive intelligent
reflectors [12], [16] where a mirror is composed of many small
mirrors, each of which can be individually controlled, and fully
passive reflectors.

Fully passive reflectors have been explored in the context of
improving coverage in 5G mmWave cells for urban scenarios.
For instance, [18] develops a simple NLoS channel model
for reflections from building tops to users on the ground. [1]
proposes an optimization framework for the joint placement of
gNBs and reflectors in urban geometries in order to improve
coverage. [7] considers the reflector placement problem in
indoor scenarios where the LoS path of a mmWave AP
is obstructed. For indoor terahertz cells, [2] proposes using
reconfigurable dielectric mirrors placed on all the walls to
provide coverage in rooms.

[11], [14] study a NIRS (Non Intelligent RS) for enabling
NLoS terahertz links. They build simple reflectors using
tinfoil wrapped on foam board and show significant gains in
measurement studies at 300-371 GHz. We note that in [22]
we measured and modeled the terahertz reflected channel from
metal plates as well as from wood and show that these surfaces
work well to provide connectivity in NLoS environments. In
addition, in [20] we built a diffusive surface to also enhance
capacity and provided measurements. This latter work is
somewhat similar to [11] but our surface produces a lot more
reflections.

While there has been a great deal of published work
on IRSs (a search of IEEE Conferences yielded over 400
recently published papers), we have not seen any significant
commercial deployments. The reason is the complexity of the
design which requires solving optimization problems for each
user and user location. Unlike IRSs, our approach of using
random reflectors is inexpensive and has no operational costs.

Of course, the capacity delivered is sub-optimal but we believe
that for terahertz, where there is a great deal of available
bandwidth, this is a reasonable trade-off. Furthermore, given
the blockage problem of terahertz, RRSs provide an attractive
alternative to plain reflectors since they additionally boost
capacity over LoS.

Finally, there has been a great deal of measurement-based
work on terahertz reflections from different surfaces. For
instance, there has been work done on terahertz reflections
from vehicles [9], indoor materials including drywall, clear
glass as well as stratified building materials [15], [24], and
different metals [15].

In this paper, we present a novel design of reflective surfaces
where, by embedding tiny copper flakes on a neutral medium,
we can produce random phase shifts in the reflected signals.
We construct three prototypes and perform an exhaustive study
of the reflected signal properties. We show that our design
does improve capacity because the RRS produces a diversity
of phase shifts.

III. THEORETICAL BACKGROUND

Let us assume that the transmitter and receiver have N; and
N, antenna elements respectively. Let d;; be the distance be-
tween antenna ¢ of the transmitter and antenna 5 of the receiver
and let dy be the distance between the two arrays. Then, the
channel response matrix for the LoS channel (assuming omni-
directional antennas) can be written as [17], [19],

1 .

HLOS = ﬁe_iamolec(f’TK’p)do [6_Jkd”] N, x N, (1)
where, k = 2w/ is the wavenumber, f is the frequency,
Ty is the temperature in degrees Kelvin, p is the barometric
pressure, and o lec 18 the total molecular absorption at the
given frequency. The channel matrix from equation (1) is rank
one and has one singular value in the far field [13]. However,
if we were to introduce a reflector, then the channel matrix
would become,

H= HLOS +Hp 2

where the second term corresponds to the reflected channel.
Let us assume that the reflective surface consists of A
elements and each element m adds a phase of ¢, to the
reflected signal. Then, we have M x N; x N, total reflected
paths between the transmitter and the receiver. We can write
the channel matrix as,
M
HR = Z amej¢’n [e‘jkdi’"'e_jkdm'j]

m=1

N, XN; (3)

where «,,, € C is the channel gain for the mth reflective
element, d;,, is the distance from the ith transmit antenna
to the mth reflective element and d,,; is the distance from
the mth reflective element to the j receiver antenna. The
channel gain for the reflective elements can be written as
Oy = ae7¥m where ¥y, = k(dim + drm) and dig, dem
are the distance of the transmitter and receiver from the mth
element respectively. The value of a € R (the attenuation
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Fig. 1. Capacity improvement with fixed random phase.

constant) depends on the radiation pattern of the reflective
element. For instance, for a square reflective element with side
equal to \/2,
)\2
- ldndyndem
where [, and 3., are the angles between the normal to
the m element and the vector connecting it to the transmitter
and receiver, respectively. For the square shape with the given
dimensions, ¢ ~ 0.285 [10]. Of course, different shaped
elements will have a different a. By combining equations (3)
and (4), we obtain the complete channel model for the reflected
channel.
The capacity of the channel can be written as,

a

(COS(Btm)Cos(ﬂrm)q (€]

1
C = log, det [IN,r + 2HQHT} (5)
g

where o2 is the noise variance, Qe CNexNt is the covariance
matrix of the transmitted signal with ¢r(Q) < P, where P is
the total transmitted power.

The typical problem addressed in the IRS literature is
the joint optimization of the power budget of each transmit
antenna Q and the phase ¢,, that is applied to each element
of the IRS.

A. Simplification for the RRS Case

We can simplify the above formalism to the case when we
use RRSs. Since we are considering a CSIR channel, the trans-
mit power allocated to each transmit antenna is the same and
hence the QQ matrix reduces to the identity matrix multiplied by
P/N; in equation 5. Let us denote by ¢ = {¢1, 02, -+, drr}
the fixed phases of each of the reflective elements of the RRS,
equation 3. We evaluated equation 5 using randomly assigned
phases for a 2x2 MIMO system where the distance between
the transmitter and receiver is 10m and the distance of the
reflector to the line connecting the transmitter and receiver
is 5m. The antenna spacing is assumed to be A/2 = 1lmm
corresponding to a frequency of 300GHz. Figure 1 plots the
capacity as a function of the number of elements M in the

RRS. The capacity is an average of 100 runs where elements
are assigned uniform random phases in the range [0,7/2]
for each run. Observe that for the LoS case, the capacity is
1.585 bits/sec/hz (note that the distance is fixed in this plot).
However, if we use the reflected path, the capacity begins
to increase for M > 40 elements. This is similar to the
observation in [28] where IRS with greater than 50 elements
is shown to deliver higher capacity than LoS.

IV. DESIGN OF OUR RRSs

In this paper, we aim to create a multi-path environment
using random distribution of copper chips on a HDPE sheet,
which we call Random Reflective Surfaces (RRSs). Figure 2
illustrates step-by-step procedure to fabricate a RRS prototype.
Starting with a 6”x6” HDPE sheet of 1/4” thickness, we melt
one side of HDPE sheet at 350°C for 5 minutes. Once a visible
melting layer is observed, we randomly sprinkle the copper
chips onto the HDPE sheet. The copper chips have a mean
size of 0.4 mm. After that, we leave the HDPE sheet to cool
down again with the copper chips attached to its surface and
thus we have our RRS. To explore how the effect of copper
chip density, we fabricate three different RRSs using the same
procedure above. Figure 3 shows the top surface of three RRSs
with different level of copper chips density.

Heating (350°C - 5 min)
1 1 1
v v v

Step 1
HDPE layer (1/4” thick)

Copper chips
(0.4 mm diameter)
L BN
® 6 4% o % o
L e © o
Melted

HDPE layer

Step 2

Step 3 HDPE layer (1/4” thick)

Fig. 2. Step by step procedure of RRS fabrication

High Density Medium Density

Low Density

Fig. 3. Top surface of designed RRSs showing three level of copper chip
density
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The ideal phase shift caused by the copper chips can be
written as 2w L/\ where L is the length of the copper chip.
Thus, the average phase shift at 410 GHz signal will have is
approximately 197°. However, many copper chips touch each
other which increases the effective length L. Similarly, some
fractions of chips are shorter than 0.4mm and those will result
in smaller phase shift. It is also noteworthy that surface of
the reflector is not smooth — the copper chips are embedded
to slightly differing depths randomly. Taking all these factors
into consideration, we end up with a random reflector.

V. MEASUREMENTS AND RESULTS

We employ a Vector Network Analyzer (VNA) from Rohde
& Schwartz and frequency extender modules from Virginia
Diode, Inc. (VDI) to collect elements of the transfer ma-
trix H;;. In this paper, the WR2.2 band extender module,
generating signals from 325 GHz to 500 GHz, is used for
measurements at the frequency of 410 GHz. The system is cal-
ibrated using Thru-Reflect-Line (TRL) standards to eliminate
mismatched effects from cables and connections prior to con-
ducting measurements. With TRL calibration, the waveguide
openings of TX and RX become the measurement reference
plane. Other VNA settings include the output power of 5 dBm,
IF bandwidth of 1 kHz, and an averaging factor of 10. The
setup uses a pair of 1.68 cm long antennas with 25dB gain
to transmit and receive signals. The 2x2 MIMO measurement
is performed where signals are reflected by our RRSs or an
aluminium plate. Figure 4 demonstrates the measurement setup
for the medium-density RRS. The angle of incidence is 45°
and the inter-antenna spacing is 0.89 cm for aluminium plate
and all RRSs setups. We vary the transmitter-receiver (TX-RX)
distance (measured from TX’s antenna aperture to RX’s) from
37 cm to 49 cm with a 3.175 mm increment. We note that all
measurements are only for the reflected channel — there are no
LoS components. This is done to clearly analyze the quality
of the reflections produced by the RRS.

Fig. 4. Front view of the measurement setup for RRS with medium copper
chip density

Using the empirical channel matrix and using the fact that
this is a CSIR channel, we can easily compute the channel
capacity using equation 5. Figure 5 plots the normalized

18 Normalized Capacity at 410GHz
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Fig. 5. Normalized capacity over various TX-RX distances

capacity as a function of distance for the three RRS surfaces
and for the case when we use a smooth aluminium plate. The
aluminium plate acts as an almost perfect reflector and thus
behaves like a LoS channel [22] thus providing a point of
comparison with the RRSs we propose. We observe that two
of our reflectors consistently provide higher capacity than the
aluminium plate. Indeed, the medium density RRS has the best
performance overall. This supports our claim in this paper that
we can create a rich MIMO channel using simple reflectors,
rather than IRSs.
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Fig. 6. Normalized IFFT for some distances of signal reflected from AL plate

A. Analysis of Phase Diversity

In order to better explain the capacity plot, we dig deeper
into the channel data to identify the range of phases present
in the reflected signal. First, we plot the IFFT (Inverse Fast
Fourier Transform) for the aluminium plate and the medium
density RRS in Figures 6 and 7. We immediately see that
the aluminium plate only produces one reflection whereas we
see several reflections for the medium density RRS. The same
phenomenon with multiple reflections is also observed for high
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density and low density RRS designs. We point out that even
though the number of copper chips is quite large, we only get
a few distinct phases because most of the copper chips are
the same length and hence there is no phase variation in their
reflections.

We utilize the IFFT plots for each distance and each RRS
to identify the significant reflected components. For a given
IFFT, we consider all reflections that have at least 0.2x the
magnitude of the largest component, see Figure 8. Next, we
determine the time of arrival of each of these components
relative to the first component. Then we set the phase of the
main component to zero and compute the phase offset of each
of these reflections using the frequency of 410GHz.
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Fig. 8. Identifying the significant reflected components.

In Figures 9, 10, and 11 we plot the histogram for each
of the three RRS designs (we combine the data for all 38
distances for this). The phase variance for the three designs is
shown in Table L.

Interestingly, we note that the average phase variance is highest
for the medium density RRS, which also shows the highest
capacity across distances. The aluminium plate has a single
reflection and therefore we do not plot its histogram. Finally,
consider Figure 1 where we plot the capacity versus number
of reflectors.

TABLE I
VARIANCE IN PHASE FOR RRSS WITH DIFFERENT COPPER CHIPS DENSITY

Copper Chips Density | Variance in phase

Low 1.00e+04
Medium 1.12e+04
High 1.02e+04

High Density
I Variance = 1.02e+04|

80 1

100 T T

90

60 - 1

0
-200  -150  -100 -50 0 50 100 150 200
Phase shift (Degrees)

Fig. 9. Histogram of reflected phase for high-density RRS.

VI. CONCLUSIONS

We consider the problem of artificially creating a rich
multi-path environment for terahertz communications by using
random reflective surfaces (RRSs). Unlike IRSs, where a
controller optimizes the reflected phase of each reflecting
element, we utilize a collection of random reflectors which
introduce a random phase into their reflections. We constructed
three such reflectors using HDPE embedded with copper flakes
and empirically verified that our design does improve 2x2
MIMO capacity. We conducted a further examination of the
reflected phase and documented the range of phase produced
by each RRS. We show that the RRS design with the highest
capacity is also the one that has the most phase variation
among the designs.

Our future work involves construction of more diverse
reflectors utilizing the theory described here. We will addi-
tionally extend our work to mmWave systems as those systems
are currently being deployed and can benefit from a RRS like
design.
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