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Spectrum Shaping for Multiple Link Discovery
in 6G THz Systems
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Abstract— This paper presents a novel antenna configuration
to measure directions of multiple signal sources at the receiver in
a THz mobile network via a single channel measurement. Direc-
tional communication is an intrinsic attribute of THz wireless
networks and the knowledge of direction should be harvested
continuously to maintain link quality. Direction discovery can
potentially impose an immense burden on the network that
limits its communication capacity exceedingly. To utterly mitigate
direction discovery overhead, we propose a novel technique called
spectrum shaping capable of measuring direction, power, and
relative distance of propagation paths via a single measurement.
We demonstrate that the proposed technique is also able to
measure the transmitter antenna orientation. We evaluate the
performance of the proposed design in several scenarios and show
that the introduced technique performs similar to a large array of
antennas while attaining a much simpler hardware architecture.
Results show that the spectrum shaping with only two antennas
placed 0.5 mm, 5 mm, and 1 cm apart performs direction of
arrival estimation similar to a much more complex uniform linear
array equipped with 7, 60, and 120 antennas, respectively.

Index Terms—6G, THz communication, initial access, beam
selection, channel estimation, deafness problem.

I. INTRODUCTION

G MOBILE networks promise to bring a new era of

ultra high-speed communications that surpasses previous
generations by several orders of magnitude in communica-
tion capacity [1]. One of the core technologies behind such
a spectacular revolution is massive Multi-Input-Multi-Output
(MIMO) communication at mmWave and THz bands [2].
Mobile networks that work at these frequency bands are bound
to employ highly directional beams [3]. As directional com-
munication has gained importance in the new generation of
communication systems, direction of arrival (DoA) estimation
has obtained gravity as an enabler of directional commu-
nication [4]. To clarify this necessity, we should note that
two devices that exploit directional antennas cannot commu-
nicate unless they ascertain the direction of the other device.
Moreover, this knowledge of direction should be maintained
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during the communication period otherwise the link will be
disrupted [5].

The process of finding the best beam that maximizes the
communication rate is called beam selection [6]. Alternatively,
some studies named the problem of finding the best beam at
THz band for initial access, deafness problem [7]. The problem
of beam selection for mmWave and THz communication has
been under extensive research recently. The most common
approach proposes a brute-force search on all beams [8].
Unfortunately, brute-force search compels a huge overhead on
the communication system since it should be harvested swiftly
and continuously. As beams become narrower at higher fre-
quencies, beam selection overhead escalates such that it dras-
tically restricts the communication rate. Various techniques
have been proposed to ease the burden of beam selection on
communication systems. Ali et. al propose using legacy sub-
6 GHz channel information for sparse recovery of mmWave
channel and beam selection [9]. Myers et al. utilize an effi-
cient set of antenna weight vectors for fast beam alignment
through a compressive sensing (CS) approach [10]. Swift-
link [11] is a technique that incorporates randomized beam
training along with a CS algorithm to develop beam selection
technique robust to carrier frequency offset. Although these
techniques can ease the overhead of beam selection, they still
require numerous channel measurements. Many recent studies
consider machine learning techniques to address the beam
selection problem. Long et al. cast the beam selection problem
as a multi-class classification problem and employ support
vector machine (SVM) to achieve a statistical classification
model that maximizes the sum rate [12]. Myers et al. propose
an end-to-end deep learning technique to design a structured
CS matrix based on the underlying channel distribution, lever-
aging both sparsity and the particular spatial structure of prop-
agation paths that appears in a communication channel [13].
Alrabeiah and Alkhateeb train a deep network to learn the
mapping between sub-6 GHz channel state information (CSI)
and optimal mmWave beam [14]. Recently, several works
consider vision, LIDAR, Radar, and other means of situational
awareness to integrate with communication data for mmWave
channel estimation and beam selection [15]-[18]. A common
limitation among available literature incorporating deep learn-
ing for beam selection is the blindness to unseen data and lack
of adaptability to time-varying dynamic environments.

In the most recent breakthrough, Ghasempour et al. intro-
duce the idea of THz rainbow for single-shot link discov-
ery [19]. In this work, authors name the process of finding
the DoA of signal from the transmitter (TX) via only a single
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measurement, single-shot link discovery. The authors employ
leaky wave antennas at both TX and receiver (RX). When
excited by a broadband source (i.e. a pico second pulse with a
flat spectrum between [0.1THz,1THz]), the TX antenna propa-
gates a different and unique frequency within the spectrum at
each angle, thus forming a THz rainbow. The RX employs
THz time-domain spectroscopy (THz-TDS) to measure the
spectrum of the received signal and consequently estimates
its DoA. THz-TDS is a technique to measure the THz electric
field that can be used to measure the received spectrum in
the range [0.1THz,10THz] and currently is implementable on
chip [20]. Other than DoA, the THz rainbow technique is able
to measure the angle of departure (AoD) of the signal from
the TX, yet in a limited range. Although measuring DoA and
AoD in a single shot is a groundbreaking achievement, the
THz rainbow technique suffers from following inefficiencies:

o very limited DoA and AoD observability range ([10°, 80°]

for DoA, and [—40°,20°] for AoD),

 incapablity in estimating multiple DoAs, thus inapplica-

ble in harsh multipath environments,

« limited applicability to only dry indoor environments, and

« spectral inefficiency as a result of using only a very tiny

range of available spectrum for DoA estimation.

In our work, we propose a new design to address the
inefficiencies of THz rainbow, which we refer to as Spectrum
Shaping (SSH). We adopt a well-known array design with
antenna spacing that typically makes use of the time difference
of arrival (TDoA) of signals between two antennas to estimate
DoA in LoS communication [21], [22]. However, since we
reduce the antenna spacing to less than a centimeter, measuring
TDoA requires several Tera-samples per seconds which is not
accessible. On the other hand, instead of measuring TDoA,
by carefully adding delay lines in the design we try to shape
the received spectrum in such a way that enables us to estimate
multiple concurrent DoAs leveraging the spectrum of the
spectrum of the received signal. Moreover, we devise a novel
antenna placement at the receiver and the TX to estimate AoD
and DoA using only a single measurement. To the best of our
authors knowledge, this is the first time that such an antenna
spacing design is introduced for AoD and DoA estimation
in a single-shot for THz band applicable in the presence of
strong multi-path. In spectrum shaping, we incorporate the
same broadband signal source at the TX and TDS-THz at RX
as the THz rainbow. The main characteristics of our novel
design can be encapsulated as

o capability of measuring DoA and AoD in a wide range

([0°,180°)),

o capability of measuring multiple incoming signals with

multiple DoAs in a single shot,

o performing similar to a large array while benefiting from

a much simpler architecture,

« utilizing the whole available spectrum for DoA estima-

tion,

o no requirement for synchronization between RX and TX,

o applicability in humid indoor and outdoor environments,

and

o resiliency to attenuation due to atmospheric gases and

presence of intense water vapor.
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Fig. 1. Block diagram of the spectrum shaping for detecting incoming DoAs.
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Fig. 2. Specific attenuation due to atmospheric gases (above figure) and
frequency response of the frequency response of the channel in a humid
environment (path length is 1000 m). The rate of change of the channel versus
frequency is more than a dry environment, however, it is relatively slow such
that frequency response of it’s frequency response contains a sole distinctive
peak at zero.

The rest of the paper is organised as follows. In Section II,
we present the system model and our novel RX design.
We demonstrate the capability of the proposed design in
measuring multiple DoAs in a single shot. We propose a new
TX design and show the capability of the system in measur-
ing DoA and AoD in a wide angular range in Section III.
We derive the Cramer Rao Lower Band (CRB) of error for
DoA and AoD estimation in Section IV. In section V, we dis-
cuss the channel estimation and initial access using SSH.
In Section VI, we demonstrate the performance of spectrum
shaping by several simulations and show that it performs
similar to a large antenna array. Finally, we conclude the paper
in Section VII.

II. SYSTEM MODEL

As illustrated in Fig. 1, we consider a link where RX is
equipped with an antenna pair (RX; and RX5). The gap
between the two antennas is denoted by D. The TX is excited
by a broadband source generating a single pulse of broadband
emission whose spectral coverage is broad enough to cover
the entire relevant band (0.1 to 1 THz). After passing through
a delay line with length D, the received signal at RX5 is
superimposed with the signal received at R.X; and fed into a
THz-TDS receiver.
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A. Line of Sight (LoS) DoA Estimation

In this section, we assume there is only one LoS path
between the TX and the RX. We denote the DoA of the signal
to the RX by 6;. Given the far field assumption, the signal
emitted by the TX is received at the two antennas of the RX
with a time shift d¢; given by

ot; = —g cos(0;) , (D

where c is the speed of light. The broadband RX then measures
the spectrum of the superimposition of the signals received
at RX; and RX, (with a delay equal £) using THz-TDS
technique. Subsequently, the output spectrum of the broadband
receiver can be expressed as

BL(£,0) = |F{r(t) 4t — 2 — 5t}
= |R(f) + R(f)e—92mI (Gti+2)

= [2R(7)P cos(mf 2 (1~ cos(B)I?

= RR()Pleostrf 2 (PP, @
where E,.(f,6;) is the spectrum of the superimposition of the
two received signals, F{.} is the Fourier transform operator,
and r(t) is the received signal at the RX;, R(f) is the Fourier
transform of the r(t). Referring to derivation in (3), from line
1 to 2, we substitute (1) and apply Euler’s formula for cosine.’
From line 2 to 3 we apply the half-angle identity for sine.’
We assume only one LoS path between the RX and the TX;
hence, r(t) = a(t) * s(t), where a(t) models THz channel
(which is typically a frequency selective channel at the THz
band), s(t) is the transmitted signal, and * is the convolution
operator. Considering s(t) has a flat spectrum over the relevant
band, (2) can be expressed using half angle identity as®:

BL(1,6:) = Cla()P(1+ cos(2nf 22 sin(2)), G

where C' is a constant and a(f) is the channel frequency
response. Applying Fourier transform over E,.(f, 6;), defining
a() = F{la(f)*} we have

2

FUE(100) = € (al0) + 3a (¢ - 22 sn(5))

+ %a (4 + % sinQ(%)> ) 4)

where a(() is the frequency response of the THz channel fre-
quency response. Fig. 3 and 2 depict a(¢) for a dry (zero water
vapor density) and a humid (water vapor density equals 10-Z5)
environments, respectively. Although, channels are frequency
selective, a((¢) shows a very strong and distinctive global peak

at zero and at other frequencies is roughly zero. Since sin2(&)

2
is positive, sin2(%) can be simply estimated via finding the
only positive element of the spectrum of E,.(f,6;). Then if

0; € [0, 7], 0; can be uniquely estimated. Moreover, since we

12 cos(z) = eI® + 777,
21 — cos(z) = 2sin?(x/2).
31 + cos(z) = 2 cos?(x).
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Fig. 3. Specific attenuation due to atmospheric gases (above figure) and
frequency response of the frequency response of the channel in a dry environ-
ment (typically an indoor environment). Although THz channel is naturally
a frequency selective channel, the rate of change of the channel based on
frequency is very slow, thus the frequency response of the frequency response
of it contains a sole distinctive peak at zero.
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Fig. 4. Spectrum shaping can be employed for detecting multiple incoming
DoAs. There are 3 paths between the TX and The RX. 61,602,603 and
ay,az, a3 are the DoAs and the path losses of the three paths, respectively.

exclusively make use of the amplitude of the Fourier trans-
form of the received signal (and not its phase), we eliminate
the requirement of synchronization between the TX and the
RX [19]. It should be mentioned that, without the delay line
after RX», the E,.(f,0;) turns out to be

E.(f,0;) = Cla(f)*(1 + cos(27rf€ cos(0;))).  (5)

In this case, E.(f,0,) = E.(f,—0;) = E.(f,7m — 6;).
Therefore, DoA is uniquely observable only if 0; € [0, F].
Adding the delay line, we double the DoA observability range
to [0, 7]. Regarding (2), we observe that the proposed design
ends up in multiplication of |cos(7f22 sin*(%))|? to the
received spectrum, which provide us with enough information
to estimate DoA in the whole range from 0° to 180°. Hence,
we call the multiplied term spectrum shaper and the proposed

technique spectrum shaping.

B. Multiple Non-LoS (NLoS) DoA Estimation

In this section, we assume that there are multiple paths
between the TX and RX (or similarly there are multiple TXs
in the environment). We intend to detect powers and angles
of all incoming paths to the RX. Suppose there are m paths
between the TX and the RX and ay(t), 0, T; k € {1,...,m}
denote the THz channel through path k, DoA of path &, and the
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time of flight (ToF) of the signal through path £, respectively

(Fig. 1). The received signal at the RX antenna pair can be

expressed as
r1(t)

ag(t) = s(t — Ty) (6)

I
NE

=~
Il
—

ra(t) = S an(t) + s(t — Ty + gcos(Hk)) Lo

I
NE

=~
Il
_

where 71 (t) and ro(t) are the received signals at RX; and
RX,, respectively. Passing ro(t) through the delay line in
Fig. 1, the spectrum of the superimposition of the two signal
turns out to be (8) as shown on bottom of the page, where
T, = Ty + —s1n ( L),k € 1,...,m. To express (8), we
substltute (D and apply Euler’s formula for cosine from line
1 to 2. Then, from line 2 to 3 we apply the half angle identity
for sine. Given s(t) has a flat frequency response over the
relevant band, E,.(f,61,...,0,,) is proportional to

Er(faelﬂ' 79m)
o (S %) | 3 %) cos(on 22 sin2(%)
k=1 2 k=1 ¢ ’
£ alNay()eos (22 sin?(%))
k=1p=k+1

X oS (Wf? sinQ(%)) cos(2m f (T}, —

Considering (9), E,(f,01,...,0
tiple cosine functions modulated with different frequencies,
hence, the spectrum of E.(f,01,...,0,) exhibit multiple
spikes corresponding to each cosine function.

Lemma 1: Assuming [T}, — T,| > 2D ip # kyp,
k € {1,...,m}, the third term in (9) can be filtered out

)

m) 1s @ summation of mul-
4

©)

4The third term in (9) consists of multiplications of three cosine terms. From
basic trigonometry we know that any arbitrary multiples of cosines equals sum
of cosines.
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by applying a low-pass filter with cut-off frequency % on
E.(f 61,...,0m).

Proof: The frequency of all the elements in the first
and the second terms of (9) is less than %, while all the
elements in the third term are modulated by cos(2 f (1}, —T}))
harmonics. Thus, if the condition in Lemma 1 holds, the
third term can be removed using a low-pass filter with cut-
off frequency .0

The condmon in Lemma 1 expresses that the third term of
(9) is removable by filtering if the difference between ToF of
all paths to the RX are far larger than %; or equivalently
the difference between paths’ length of all paths to the RX
are far larger than 2D. In Section VI, we will discuss that D
is typically in the sub centimeter range (i.e. 1| mm to 1 cm).
Thus the condition of Lemma 1 will hold in most practical
use cases. After passing E,.(f,01,...,0,,) through a low-pass
filter with cut-off frequency %, referring to (3), the output

Er(f, 01,...,0,,) can be expressed as
E.(f01,....00)
- = 2D 0
= <Za Z a2 (f) cos(2m f = sin?( ;)))
k=1 k=1 ¢
=> EP(f,6;), (10)
k=1

where E)(f,6,) is the spectrum of the received signal if
only one LoS path arrived at the antenna pair from path k.
According to (10) the output spectrum of THz-TDS after
lowpass filtering will result in a linear weighted summation of
Eg,k) (f,0k)’s. In other words, the proposed design is a linear
system facing multiple incoming signals.

Since E,.(f,01,...,0,,) composes of linear summation of
harmonic signals, by using harmonic decomposition tech-
niques determine the angles and the powers of the incoming
paths. In this work, we apply the Fourier transform for har-
monic decomposition.

Ey(f,01,-,00) = |F{ra(t) + rat — %}P

m

> ak(£)S(f)e
k=1

> ar(fe
k=1

e

—j2m f Ty + Zak(f)S(f)
k=1

—jQWka(l +e—j27rf%23i112(9k/2))
m
2 Zak(f)eijﬂ'f(TkJr% sin2(0k/2)< +]27rf251n (Gk/2) 7j27rf% sin2(0k/2)>

j27Tf(TK+7 sin?(

€7j27rka€7]27r7(1 cos(0y)) ‘

2

2

0
2’“))

2D
5 cos (7 f = sin?(
c

m 2D 9
Zak cos? 7Tf—s1n(2k))

2D
) cos (7 f— s1n2(9

2D 0

) cos (nf == sin®(22)) cos 20/ (T}, = Ty)) .~ (8)
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Broadband
TX

Broadband
RX

Fig. 5. Block diagram of spectrum shaping for estimating AoD and DoA
together. The TX antenna configuration is almost identical to the RX except
the delay line before T'X7 is 3 times longer than the delay line after RX5.

III. AoD ESTIMATION

THz rainbow [19] introduces a technique to measure AoD
of a signal from the TX. THz rainbow takes advantage of
the derivative of the maximum and the minimum received
frequency with respect to the RX rotation to estimate AoD.
Here, we introduce a scheme that can be used for AoD
estimation in a single shot without any reliance of RX rotation
leveraging a TX antenna configuration similar to the RX as
illustrated in Fig. 5.

Assuming there is only LoS path between the TX and the
RX, we propose using the same antenna placement of the
RX at the TX. There is a delay line between the source
and T X, with length 3D. Thus, T Xy propagates the pulse
generated by the source with a delay equal to % with respect
to the 7°X; emission. The two pulses will be received at the
RX; and RX5 with a delay due to the AoD and the delay
between the transmission of the two pulses equals to

3D

D
dg = ——cos(0q) + —, (11)
c c

where d,; denotes the difference time of arrival of the two
transmitted pulses at RX;, and 6; denotes AoD. Denoting
the emitted pulse from T'X; by s(t), the received signal at
RX; turns out to be’

r(t) = a(t) * <s(t) + s(t — g(?) — cos(@d)))
= R(f) =F{r(t)} =a(f)S(f)(1 4 ¢327f & (Gcos(0a)y
=2 a(f)S(f)e I Eeos00) cos(wf%s — cos(6a)))-
(12)

Using (2), E,(f,0;,04) can be expressed as

BL(7.6:,6) = [4a()S()I|cos(mf 2 (1 — cos(81)

2

X cos(wf%(?)—COS(@d)))

= 12a(NS (P ((1-+cost2ms 2 (1-cos(0) )
v (1 + cos(27rf€(3 - cos(od)))>>

59 COS(T(f%(?) —cos(0g))) = e—]'ﬂ'f%(3—605(9d)) + e]'ﬂ’f%(3—605(9d,))
per Euler’s formula.
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= 2a(PS(P 1+ costzns 21 = cos(8))
+ cos(27rf€ (3 — cos(04)))
+ % cos(27rf§(4 — cos(0;) — cos(fa)))

+% cos(27rf§(2 —cos(fq) + COS(Qi)))> :
(13)

Based on (13), E,.(f,6;,04) is a summation of four harmon-
ics with frequencies equal to 2 (1 —cos(6;)), £(3 —cos(ba)),
L (4 — cos(6;) — cos(fa)), and 2(2 — cos(6q) + cos(6;)).

Lemma 2: For any DoA 6, and AoD 6,, we have

§(4 —cos(6;) — cos(04))
> g(?; —cos(04))

> 2(1 — cos(#;)), D

p p (2 — cos(fq) + cos(0;)) > 0.

(14)

Proof: Assume o = %(3 — cos(flg)) and f = %(1 —
cos(6;)), V6;,V0;, % > o> % and % > (3 > 0. Thus we
have

a>p>0.
Therefore
at+pf>a>p,a—-pF2>0.

Hence, Lemma 2 holds.[]

Applying Fourier transform on E..(f,0;,04) similar to (5),
the four frequencies of the four harmonics of the E,.(f,0;,04)
are measurable. Referring to Lemma 2, the two largest
frequencies of E,(f,0;,04) are 2(4 — cos(6;) — cos(6a))
and 2(3 — cos(4)), respectively. Using 2(3 — cos(6a)),
04 can be uniquely estimated if 6; € [0,7]. Next, using
L (4 — cos(8;) — cos(fa)). 0; can be uniquely estimated if
0; € [0,7]. From the derivation, we can conclude that 3D
delay is the minimum delay possible for which the signal can
be decomposed into harmonics that can be used to uniquely
solve for 6, and 0, in range [0, w]. Referring to [19], using
THz rainbow technique 6y is measurable in a very limited
range ([0; — 40°,0; + 20°]). However, leveraging the SSH
introduced in this section 6, is measurable in the whole range
of 09 to 180°. Referring to (13), here we applied SSH both
at the RX (the cos(m f2(1 — cos(6;))) term) and the TX (the
cos(mf2(3 — cos(64))) term) to have enough information to
estimate both AoD and DoA. In this work, we have mainly
made use of two antennas and one delay line to from spectrum
shapers. Nonetheless, future work can go further by introduc-
ing more complex antenna and delay line schemes for more
advanced applications and superior performances.

IV. CRAMER RAO LOWER BOUND OF ERROR

In this section, we analyze the effect of noise on the
performance of the system. Specifically, we derive CRB of
error for DoA estimation for LoS scenario (Section II-A) and
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CRB for AoD and DoA estimation (Section IIT). The CRLB
method find the lower bound on the variance of any unbiased
estimator and provides a benchmark for examining the perfor-
mance of novel estimation algorithms and also highlights the
impossibilities of finding an unbiased estimator with variance
less than this lower bound [23].

A. CRB of DoA Estimation

Referring to Section II-A, we assume received signals at
RX, and RX> are added by a white Gaussian noise with
noise power % We have

r1(t) = a(t) *
ro(t) = a(t) *

where n4(t) and no(t) are independent white Gaussian noises
with power %
The received signals at the THz-TDS receiver equals to

s(t) + a1 (t)

s(t — 6t;) + na(t) (15)

n) +ralt - 2)

= a(t)

We define n(t) = n1(t) + na2(t) which is a white Gaussian
noise with power Ny. The observation (denoted by z(f)) is
the spectrum of the received signal equal to

() = la(f)s(f) (142200 p(p)]. (17)

n(f) is a white Gaussian noise process with power Ny. Let
us define & = (6;,a(f)) to denote the vector of unknowns to
be estimated which cannot be measured directly. Referring
0 [24], the probability density function of z(f) is a Rice
distribution. Thus the likelihood function of x, £(x), turns
out to be

L(z) = p(2(f); )
[ 2% +4a(H)2s()? cos® (nf
- 3

=N

F (s(t) + s(t — g _5t)) + ma(t) £ ma(t).  (16)

%sin%%»)
2>

Xh(bﬁmﬁﬁﬁpi(zﬁmu%m>,a&

2

where I() is the modified Bessel function of the first kind
with order zero, and p(z(f); ) is the probability distribution
function of z(f) parametrized by x. The covariance matrix of
any unbiased estimator & is bounded by [25]

E{(z-x)(z-x)}>J!, (19)
where
dInp(z(fi);z)\ (Olnp(z(fi)iz)\"
(o) = 5 p{ (2letie) (DmoCllere)
(20)

Here M/ denotes the number of frequency samples of z(f)
in the relevant band, and fy,..., fo are the frequencies
at which z(f) is sampled by the THz-TDS technique. The
analytical closed-form derivation of J and consequently CRB
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for 0; estimation is not feasible because of the Bessel function.
In Section VI we will resort to a numerical approximation of
CRB for the sake of noise analysis of SSH and comparison
with the state-of-the-art.

B. CRB of AoD Estimation

Based on the discussion in Section III, referring to (12), the
measurement at the RX would be in the form of

2(f) = la(f)s(f) <(1  2mS 2 (1—cos(0:)))

x (14 eﬂﬂf%(““(ed))) +n(f)]. @D
Defining = (6;, 04, a(f)) as the vector of unknown parame-
ters, and given n(f) is white Gaussian noise, the likelihood
function turns out to be equal to (22), shown at the bottom of
the next page.

where x is multiplication. Then using (20), J can be calcu-
lated and CRB for 6; and 6, can be derived using numerical
techniques.

V. CHANNEL ESTIMATION AND INITIAL ACCESS
USING SPECTRUM SHAPING

As discussed in Sections II and III in detail, the SSH is
capable of finding the DoA, AoD, gain of the main propagation
paths and at the THz band the relative distance between the
main propagation paths. The SSH obtains these parameters
using a broadband pulse that is transmitted by the TX. Now
assume the information obtained using SSH is used to provide
initial access for a MIMO-OFDM system at THz band. For
the ease of exposition, let us consider a THz MIMO-OFDM
wireless system in which both the TX and the RX are equipped
with a uniform linear array (ULA) antenna with Np and Ny
elements and analogue beamforming, respectively; and they
use OFDM signaling with NN, subcarriers and B, subcarrier
spacing.

The received signal at the UE antenna array at the
subcarrier in the frequency domain can be written as

lth

ws(l] + nll], (23)

where ¢ € C'Nvu is the combining vector at the RX
and the w € CVB*! is the precoder vector at the TX,
y[l] € CNvx1 denotes the received signal, h[l] € CNv*Ne
denotes the channel matrix, s[l] € C denotes the transmitted
signal at the TX, and n[l] ~ Nc(0, 0?) denotes the receiver
noise. To initialize the link, the TX and the RX need to
estimate h[l] to be able to find optimal precoder and combiner
vectors. Due to the lack of digital beamforming at the THz
band, hl[l] is not directly measurable and thus the TX and the
RX have to resort to exhaustive beam search for the sake of
finding the optimal precoder and combiner.

To model hll], we assume there are C' distinguishable paths
between the TX and the RX. Each path can be characterized
by a delay 70™) m € {1,...,C}, an AoD from the TX char-
acterized by 9((;”), an DoA to RX characterized by 91("1’) and a
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gain a("™) [26]. Therefore, channel frequency response (CFR)
for each sub-carrier [ can be written as [27]

C
hll] = Oc(m)e(f’) gL ® e® g p—d2m fir (™ 7
> elme (o) e e (1)

(24)

where e(")(0,$) € CMv*1 and e (0, ¢) € CN&*! denote
the array response vector of the TX and the RX, respectively,
® is the Kronecker product, and f; is the carrier frequency of
subcarrier [. Using SSH, a(m), 9§7r1'),9((17r1’),m €l,...,C are
estimated. Moreover, 7(™) —7,m € 1,...,C, 1, denotes the
delay of LoS paths that are observable. Given, SSH, we can
estimate h[l] as

c
h[l] = Za(m)e(r) (gz(m)) @ e® (‘9((1m)) o2 i (™) )

c
= (kz a(m)e” (Hgm) Yoe®) (gém)e—j%fn(’”) oI2ThiTL

= h[l] = h[l]e?™ e, (25)

Thus using SSH, we can recover h[l] up to a phase shift.
To find the optimal precoder and combiner we only need to
maximize the received SNR at the RX as

argmax |gh[ljw|? = argmax |gh[l|w|*.
w,q w,q
Thus the knowledge of hll] is sufficient to find the optimal
precoder and combiner.

VI. SIMULATION RESULTS
A. Noise Analysis

In this section, the performance of our proposed link dis-
covery technique is studied in the presence of noise. Further,
the performance of the proposed technique is compared with
the performance of the state-of-the-art lens array and ULA
using digital beamforming. The performance of ULA using
digital beamforming has been extensively studied in the liter-
ature [28], [29]. Implementing digital beamforming for ULA
is exorbitant and massively complex especially in mmwave
bands [6]. On the other hand, Lens array (LA) is a more
recent technique utilizes a lens as a passive phase shifter
to pursue beamforming without the heavy network of phase
shifters required in ULA arrays [30]. Throughout this section,
signal to noise ratio (SNR) is referred to the average power
of signal to noise variance (%) at each antenna of the array
(whether ULA, LA, or SSH).

In the first simulation, we compare CRB of DoA estimation
for a symmetric ULA with half wavelength antenna spacing
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equipped with N elements [31], an arc LA with aperture and
focal length equals to L equipped with M elements [32].
Furthermore, we set L = M % where ) is the wavelength
of the operating frequency of the LA. To emulate SSH,
we assume the spectral resolution of the THz-TDS system is
1.5 GHz, and the pulse relevant band is [I00GHz,1THz]. Thus
the number of spectrum samples are 600. We set D = 5 mm.
For the channel frequency response a(f) we assume the range
is 100 m and the air is dry® (unless otherwise mentioned).
As Fig. 6 (a) illustrates CRB of SSH is close to a ULA with
111 elements and LA with 201 elements when SNR is 20 dB,
which is a spectacular performance considering much simpler
hardware architecture of SSH compared to the two other
counterparts. Similarly, for SNR of 10 dB, 0 dB, and —10 dB,
the number of ULA and LA elements was selected such that
the performance is closest to SSH. Furthermore, the curves
for ULA, LA and SSH are symmetrical in Fig. 6. Regarding
Fig. 6 (a) to (d), when SNR decreases the performance of
SSH deteriorates sharper than ULA and LA in the CRB sense.
Specifically, looking at Fig. 6 (d), when SNR = —10 dB, the
CRB of SSH is in proximity of a ULA with 7 elements and
a LA with 15 elements. This performance declines due to the
fact that large arrays can integrate the received signal energy
over the whole antenna elements, while SSH only utilizes
2 antennas, thus does not benefit from the same advantage.
Speaking of hardware complexity, even in low SNR levels,
SSH still has superior performance compared to ULA and LA.
As shown, SSH shows identical performance to a far larger
ULA and LA.

In the next simulation we investigate the effect of harsh
frequency selective channel on the performance of the CRB
of the SSH technique. The THz channel can be extremely
frequency selective because of the attenuation of atmospheric
gases specially water vapor and this effect exacerbates as range
increases [33]. Here we assume that the weather is exceedingly
humid and water vapor density equals 10-Z;. In the simulation
in Fig. 6, we showed that the performance of SSH degrades
under lower SNR. Therefore, to simulate a robust condition,
we set the SNR to be lower at SNR = 5 dB and we set
D = 5 mm. Fig. 7 shows CRB of SSH for ranges equal to
10 m, 100 m, and 1000 m. As expected, as range increases the
SSH performance deteriorates, since a large range of frequen-
cies in the relevant bandwidth experiences severe attenuation.
Nevertheless, SSH still can achieve DoA estimation accuracy
of better than 2° for DoA € [30°,145°] for range equal
to 1 km and in the presence of intense water vapor, which

. . . . . ®
6We simulate signal attenuation due to atmospheric gases using MATLAB
gaspl function.

pla(f);) = ﬁ(

(0]

><I0

2(H2+16a(£)2 ()2 cos? (n f 22 sin? (%)) cos? (f 22 (24sin2 (%)) >
No

<4z<f>|a<f>s<f>cos<wf%sin2<%>>cos<wf%<2 +sin2<%>>>|>

- (22)

2
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Fig. 7. CRB of spectrum shaping in the presence of intensive water vapor

in the air for different ranges. Here D = 5 mm, SNR = 5 dB.

quite acceptable for majority of directional communication
applications.

In the next simulation we study the effect of D, the antenna
gap, on CRB of the SSH technique. In this simulation we
assume SNR =5 dB. We simulate CRB for D equals to 1 mm,
5 mm, and 10 mm. As Fig. 8 shows, SSH performs more accu-
rately as D increases. Referring to (5), D directly multiplies
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Fig. 8. CRB of the spectrum shaping at different antenna gaps (D). Here
SNR =5 dB.

to f cos(;), thus increasing D is equivalent to increasing the
relevant band. Therefore, D is the main parameter that can
improve SSH performance.

The next simulation studies the CRB of AoD and DoA
estimation of Section III. Here we assume SNR = 5 dB, and
D = 5 mm. Fig. 9 demonstrates that AoD and DoA have
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almost identical CRBs. Further, AoD has negligible effect on
CRB of DoA (which means different values of AoD results in
the same DoA CRB) and vise versa. The root mean squared
error (RMSE) of least square error (LSE) estimator for ULA,
LA and SSH simulation is compared next. Assume that the
array response in a noisy environment is denoted by A(6) and
the expected response in an ideal noise-free environment is
denoted by Ap(@). Then, for SSH, Ag(0) equals E.(f,60;),
the LSE estimator can be defined as

R ] 9

0=, 2 A0 —Ap@O),
where 6 is DoA and 6 is the estimated DoA.

Thus the MSE can be defined as the average of squared error
(|é —6o]?), where 6 is the actual DoA). In this simulation we
compare the performance of a ULA with N = 60, an arc LA
with M = 80 and SSH with D = 5 mm for DoA = 60°.
Referring to the results in Fig. 9, the best CRB performance
is achieved when AoD is 90° and the performance degrades as
the function moves to the outer edges with lowest performance
at 0° and 180°. Therefore, we elected to use 60° as a middle
ground between the best and worst performance. To calculate
MSE we repeat the experiment for 1000 times and average
over all experiments’ results. As Fig. 10 illustrates ULA shows
lower root MSE (RMSE) for negative SNRs in comparison
with SSH and LA. SSH performs slightly better than ULA and
LA for SNR larger than 3 dB. These results is in harmony with
the outcome of CRB analysis that SSH performance improves
significantly as SNR increases.

Next, we study RMSE of SSH for different antenna
spacing in the presence of intense water vapor. We set
SNR = 5 dB, DoA = 60°, and water vapor density to 10-%;.
As Fig. 11 demonstrates SSH with wider antenna spacing
performs significantly better in the presence of intense water
vapor. Nonetheless, as range increases the performance of SSH
regardless of antenna spacing deterioration due to the harsh
frequency selective attenuation of the channel. Additionally,
even in the presence of expensively harsh frequency selective
channel, SSH with 5 mm antenna spacing can achieve better
than 3° accuracy at the range of 1800 m.

In the next experiment, we examine the performance of SSH
in simultaneous AoD and DoA estimation. We set D = 5 mm,
and SNR = 5 dB. As Fig. 12 illustrates and as expected, the
RMSE of both AoD and DoA are mostly identical and improve
remarkably as SNR increases. This identical response is due
to the almost identical configuration at the TX and the RX
and is in agreement with the result of CRB analysis.

B. Channel State Information Estimation Using
Spectrum Shaping

Here we consider an indoor scenario where there are two
paths between the TX and the RX, one LoS and one NLoS.
We set the DoA of the LoS path 60° and the DoA of NLoS
path 100°. We assume the NLoS path is 0.5 m longer than
the LoS path and the power of NLoS path is 6 dB less than
that of the LoS path. We suppose the TX is transmitting a
quasi sinc pulse with flat bandwidth between [0.1THz,1THz].
We set D = 5 mm. To find the DoAs of incoming signals
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we simply apply the matched filter of the expected harmonic
(derived in (3)) on the output of THz-TDS (E..(f,01,02)) to
form E(0) given by

1THz

B(9) = / cos(2rf 22 sin2(2)) B, (1,61, 62)df.
0.1THz c 2

(26)

Applying the matched filter on E,.(f,01,02), it only passes
% siHQ(%) Fourier components and filters out the third term
in (8). Measuring E(0) for the whole range of possible DoAs
([0°,180°]), we can estimate DoAs and their powers by finding
local maximum of E(0).

As Fig. 13 illustrates, E(0) shows two distinct peaks at
60° and 100° with 6 dB difference between their amplitudes.
Thus, E(#) is sufficient to estimate the DoAs and powers of
the incoming paths. Using the DoA and power results we can
directly select the optimal beam based on the strongest power,
rather than performing and exhaustive over all possible angles.
From Fig. 13, it is clear that the optimal beam is at 60°, and
the second best option is at 100°.

Next, to find the relative ToF and relative distance between
the two paths we can employ the spectrum of E,.(f,61,03).
Fig. 14 depicts E.(f,01,602) and the absolute value of the
Fourier transform of it. Referring to (8), the third term of
E.(f,01,02) shows a harmonic with 7] — T3 frequency.
Considering 22 < (T} — Tb), we have T{ — T4 ~ T} — Tb.
Applying Fourier transform over E,.(f,61,602) and adjusting
the frequency by multiplying it by ¢, we can observe a peak
at ¢(Th — T») which equals to the relative distance between
the two paths.

As Fig. 14 illustrates, a distinct peak at 0.5 m is observable
at the spectrum of E,.(f, 61, 602), which is equal to the relative
distance between the two paths. Thus using the proposed tech-
nique, we could estimate DoAs, powers, and relative distance
between the two paths. By obtaining this information, and
exploiting the Cost 2100 MIMO channel model [34], we can
estimate the channel state information (CSI) between the RX
and the TX. Even in sub-6 GHz regime, estimating CSI in
a single shot has not been possible and requires exchanging
multiple pilot signals between the two side of the link [35].
Therefore, not only can SSH be used to enable DoA estimation
and beam selection for THz massive MIMO systems, but it can
also assist the system by providing CSI information in a single
shot.

In the next simulation we consider 2 NLoS paths, both
6 dB less than the LoS with the NLoS angles at 40° and
100° and paths longer than the LoS path by 0.5 m and 0.8 m,
respectively. Fig. 15 shows three distinct peaks at 40°, 60°,
and 100° where the amplitude of the peak at 60 is stronger
by 6 dB than the other two peaks.

Furthermore, Fig. 16 illustrates three distinct peaks at 0.3 m,
0.5 m and 0.8 m observable at the spectrum of E,.(f,61,6s).
Referring to 77 — T4 in (8), the peaks represent the relative
difference between two paths, the peaks at 0.5 m and 0.8 m
represent the relative distance from the LoS path to the two
NLoS paths, while 0.3 m represents the difference between
the two NLoS paths. To determine which two of the three
peaks is genuine, an algorithm needs to be applied to exclude
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Fig. 10. RMSE of ULA, LA and spectrum shaping versus SNR. Spectrum
shaping performance surpasses large arrays in positive SNR, while spectrum
shaping attains a much simpler hardware structure in comparison to arrays.
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Fig. 11. RMSE of DoA estimation in the presence of intense water vapor
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the extra peak. In the case of Fig. 16, it is clear that the
difference between 0.8 m and 0.5 m yields 0.3 m. Therefore
0.5 m and 0.8 m are the genuine delay paths and 0.3 m

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 70, NO. 8, AUGUST 2022

5596
iy
il
Uity
ifhyhigggilin
il I{f;"'él;;;””,llll[”’ Y 013
1717
0.11 ‘%‘?Iﬂ‘:"@? 0.12
T W o ,1-,;’55,”,7';'1"
g o1- g o S W%ﬁl’iﬁ/{,’
5 o l_’p’l
o 0,08 0 009
O O
0.07 0.08
0.06 0.07 2l
150 150
P 150 P 150
iy ///{oo T ///{oo
50 T~ e 50 —
E T 50 Sty BT 50
DoA(degree) 0o o AoD(degree) DoA(degrre) 0 o AoD(degree)
(a) AoD (b) DoA
Fig. 9. CRB of AoD and DoA estimation considering antenna configuration of Fig. 5. Here D = 5 mm and SNR = 5 dB.
‘ ‘ ‘
. Spectrum Shaping -- D = 5 mm
10°
8 0 B
5 10 5
(5] (5]
ke ke
w w
0 0
= =
o i
107"
102

SNR(dB)

RMSE of DoA and AoD estimation using MMSE estimator. DoA

Fig. 12.
equals 60° and SNR =5 dB.
o T T T T T
& -of g
=
=
B 201 1
ll L A L L
40 60 80 6(0)100 120 140 160
Fig. 13.  The output of applying the matched filter of expected received

harmonic response on E,.(f,601,02). The 60° and 100° show the DoAs of
two incoming signals to the antenna pair, from a LoS path and a NLoS path,

respectively.

should be excluded. This approach may become problematic
if the number of multipaths increases. Fortunately, in the THz
domain, we experience very few multipaths as the THz domain
is due to high path and reflection losses at THz frequencies [7],
hence resolving 2-3 multipaths is manageable.

C. DoA Resolution

To calculate the angular resolution suppose two different
paths with two different DoAs 61,0} arrive at RX and we
can completely discriminate between 6; and ) using matched
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THz-TDS receiver versus frequency (top) and frequency multiplied by light
speed (bottom), respectively assuming two paths are received at the receiver
with 0.5m difference in path length.
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filter in (2), then we have

f+g j2m £ D 1—cos(0) j2m £ D 1—cos(8’)
e’ < e < df =0
I

_B
2

|2 — (cos(61) + cos(0)))]

— BD =k,
C
BD
keN— T|2—(1—9%/2+1—9'12/2)| ~k
ck
— (67 +012) = BD
(6 —0) ~ % — 20,0, @7

where B = N_B, is the total bandwidth of the system. DoA
estimation resolution is determined merely by BD, which
means as the gap between two antennas or the signal band-
width increases the DoA resolution will increase.

D. Discussion

As analytical developments and simulation results have
shown SSH is capable of providing CSI between a BS and
the user. Referring to [9], finding CSI (or the knowledge
of the dominant propagation paths) is sufficient to find the
best beam pair at TX and RX for the sake of maximizing
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Fig. 16. The spectrum and the spectrum of spectrum of the received signal at
THz-TDS receiver versus frequency (top) and frequency multiplied by light
speed (bottom), respectively assuming three paths are received at the receiver
with the NLoS paths at 0.5m and 0.8m difference from the LoS.

communication rate. Thus, SSH can potentially eliminate the
need for exhaustive beam search for finding the optimal beam
pair. Accordingly, SSH utterly quashes the burden of beam
selection on the wireless communication and improves the
system throughput radically. Further, SSH takes advantage of a
very simple structure that is accessible via current fabrication
technology, while fully digital or hybrid ULA and LA coun-
terparts require complex and costly structures to conduct the
same task. All in all, single-shot techniques and specifically
SSH can revolutionize beam management at THz band and
help us realize the full potential of ultra-fast communications
feasible using THz wireless systems.

VII. CONCLUSION

In this paper we have introduced a novel direction of
arrival (DoA) estimation technique for THz wireless systems.
We have shown that the proposed technique is capable of
measuring line of sight (LoS) and multiple non-LoS DoAs
simultaneously in a single-shot measurement. We have intro-
duced a modification to the design that provides it with the
capability of measuring the angle of departure (AoD) of
the signal from the TX. We have shown by simulation that
the proposed technique performs similar to a large ULA and
LA in terms of angular resolution in the presence of noise.
Further, we have demonstrated that we can increase the angular
resolution of the technique by widening the gap between its
two antennas without any additional hardware adjustment.

REFERENCES

[1] S. Dang, O. Amin, B. Shihada, and M.-S. Alouini, “What should 6G
be?” Nature Electron., vol. 3, no. 1, pp. 20-29, Jan. 2020.

[2] P. Yang, Y. Xiao, M. Xiao, and S. Li, “6G wireless communications:
Vision and potential techniques,” /IEEE Netw., vol. 33, no. 4, pp. 70-75,
Jul./Aug. 2019.

[3] M. Giordani et al., “Toward 6G networks: Use cases and technologies,”
IEEE Commun. Mag., vol. 58, no. 3, pp. 55-61, Dec. 2020.

[4] M. Z. Chowdhury, M. Shahjalal, S. Ahmed, and Y. M. Jang, “6G wire-
less communication systems: Applications, requirements, technologies,
challenges, and research directions,” IEEE Open J. Commun. Soc., vol. 1,
pp. 957-975, 2020.

Authorized licensed use limited to: University of Central Florida. Downloaded on August 23,2022 at 01:40:31 UTC from IEEE Xplore. Restrictions apply.



5598

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

E. Calvanese Strinati, S. Barbarossa, J. Luis Gonzalez-Jimenez,
D. Kténas, N. Cassiau, and C. Dehos, “6G: The next frontier,” 2019,
arXiv:1901.03239.

S. Kutty and D. Sen, “Beamforming for millimeter wave communica-
tions: An inclusive survey,” IEEE Commun. Surveys Tuts., vol. 18, no. 2,
pp. 949-973, 2nd Quart., 2016.

C. Chaccour, M. N. Soorki, W. Saad, M. Bennis, P. Popovski, and
M. Debbah, “Seven defining features of terahertz (THz) wireless sys-
tems: A fellowship of communication and sensing,” IEEE Commun.
Surveys Tuts., vol. 24, no. 2, pp. 967-993, 2nd Quart., 2022.

Y. Ghasempour, C. R. C. M. D. Silva, C. Cordeiro, and E. W. Knightly,
“IEEE 802.11 ay: Next-generation 60 GHz communication for 100 Gb/s
Wi-Fi,” IEEE Commun. Mag., vol. 55, no. 12, pp. 186-192, Dec. 2017.
A. Ali, N. Gonzélez-Prelcic, and R. W. Heath, “Millimeter wave beam-
selection using out-of-band spatial information,” IEEE Trans. Wireless
Commun., vol. 17, no. 2, pp. 1038-1052, Feb. 2018.

N. J. Myers, A. Mezghani, and R. W. Heath, “FALP: Fast beam
alignment in mmWave systems with low-resolution phase shifters,” IEEE
Trans. Commun., vol. 67, no. 12, pp. 8739-8753, Dec. 2019.

N. J. Myers, A. Mezghani, and R. W. Heath, Jr., “Swift-link: A com-
pressive beam alignment algorithm for practical mmWave radios,” IEEE
Trans. Signal Process., vol. 67, no. 4, pp. 1104-1119, Feb. 2019.

Y. Long, Z. Chen, J. Fang, and C. Tellambura, “Data-driven-based
analog beam selection for hybrid beamforming under mm-wave chan-
nels,” IEEE J. Sel. Topics Signal Process., vol. 12, no. 2, pp. 340-352,
May 2018.

N. J. Myers, Y. Wang, N. Gonzalez-Prelcic, and R. W. Heath, “Deep
learning-based beam alignment in mmwave vehicular networks,” in Proc.
IEEE Int. Conf. Acoust., Speech Signal Process. (ICASSP), May 2020,
pp. 8569-8573.

M. Alrabeiah and A. Alkhateeb, “Deep learning for mmWave beam and
blockage prediction using sub-6 GHz channels,” IEEE Trans. Commun.,
vol. 68, no. 9, pp. 5504-5518, Sep. 2020.

W. Xu, F. Gao, S. Jin, and A. Alkhateeb, ‘3D scene-based beam selection
for mmWave communications,” IEEE Wireless Commun. Lett., vol. 9,
no. 11, pp. 1850-1854, Nov. 2020.

G. Charan, M. Alrabeiah, and A. Alkhateeb, “Vision-aided dynamic
blockage prediction for 6G wireless communication networks,” 2020,
arXiv:2006.09902.

M. Alrabeiah, A. Hredzak, and A. Alkhateeb, “Millimeter wave base
stations with cameras: Vision-aided beam and blockage prediction,” in
Proc. IEEE 91st Veh. Technol. Conf. (VTC-Spring), May 2020, pp. 1-5.
A. Klautau, N. Gonzalez-Prelcic, and R. W. Heath, “LIDAR data for
deep learning-based mmWave beam-selection,” IEEE Wireless Commun.
Lett., vol. 8, no. 3, pp. 909-912, Jun. 2019.

Y. Ghasempour, R. Shrestha, A. Charous, E. Knightly, and
D. M. Mittleman, “Single-shot link discovery for terahertz wireless
networks,” Nature Commun., vol. 11, no. 1, pp. 1-6, Dec. 2020.

B. Globisch et al., “Absolute terahertz power measurement of a time-
domain spectroscopy system,” Opt. Lett., vol. 40, no. 15, pp. 3544-3547,
2015.

A. Alarifi et al., “Ultra wideband indoor positioning technologies:
Analysis and recent advances,” Sensors, vol. 16, no. 5, p. 707, 2016.
M. Heydariaan, H. Dabirian, and O. Gnawali, “AngulLoc: Concurrent
angle of arrival estimation for indoor localization with UWB radios,” in
Proc. 16th Int. Conf. Distrib. Comput. Sensor Syst. (DCOSS), May 2020,
pp. 112-119.

K.-P. Chou and J.-C. Lin, “A study of Cramér—Rao-like bounds and
their applications to wireless communications,” in Recent Advances in
Wireless Communications and Networks. Rijeka, Croatia: InTechOpen,
2011.

A. Papoulis and H. Saunders, Probability, Random Variables, and Sto-
chastic Processes. New York, NY, USA: McGraw-Hill 1989.

S. P. Chepuri and G. Leus, “Sparsity-promoting sensor selection for
non-linear measurement models,” /EEE Trans. Signal Process., vol. 63,
no. 3, pp. 684-698, Feb. 2015.

F. Hejazi, K. Vuckovic, and N. Rahnavard, “DyLoc: Dynamic local-
ization for massive MIMO using predictive recurrent neural networks,”
2021, arXiv:2101.07848.

A. Alkhateeb and R. W. Heath, Jr., “Frequency selective hybrid pre-
coding for limited feedback millimeter wave systems,” IEEE Trans.
Commun., vol. 64, no. 5, pp. 1801-1818, May 2016.

G. D. Ntouni et al., “Real-time experimental wireless testbed with
digital beamforming at 300 GHz,” in Proc. Eur. Conf. Netw. Commun.
(EuCNC), Jun. 2020, pp. 271-275.

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 70, NO. 8, AUGUST 2022

[29] S. A. Busari et al., “Generalized hybrid beamforming for vehicular
connectivity using THz massive MIMO,” IEEE Trans. Veh. Technol.,
vol. 68, no. 9, pp. 8372-8383, Sep. 2019.

Y. J. Cho, G.-Y. Suk, B. Kim, D. K. Kim, and C.-B. Chae, “RF lens-
embedded antenna array for mmWave MIMO: Design and performance,”
IEEE Commun. Mag., vol. 56, no. 7, pp. 42-48, Jul. 2018.

F. Penna and D. Cabric, “Bounds and tradeoffs for cooperative DoA-
only localization of primary users,” in Proc. IEEE Global Telecommun.
Conf. (GLOBECOM), Dec. 2011, pp. 1-5.

J.-N. Shim, H. Park, C.-B. Chae, D. K. Kim, and Y. C. Eldar, “Cramér—
Rao lower bound on AoA estimation using an RF lens-embedded
antenna array,” I[EEE Antennas Wireless Propag. Lett., vol. 17, no. 12,
pp- 2359-2363, Dec. 2018.

Radiocommunication Sector of International Telecommunication Union,
Attenuation by Atmospheric Gases, Recommendation document ITU-R
P.676-10, 2019.

L. Liu ef al., “The COST 2100 MIMO channel model,” IEEE Wireless
Commun., vol. 19, no. 6, pp. 92-99, Dec. 2012.

T. V. Chien and E. Bjornson, “Massive MIMO communications,” in 5G
Mobile Communications. Springer, 2017, pp. 77-116.

[30]

[31]

[32]

(33]

[34]

[35]

Farzam Hejazi received the B.S., M.S., and Ph.D.
degrees in electrical engineering from the Sharif
University of Technology, Tehran, Iran, in 2011,
2013, and 2018, respectively. He is currently work-
ing as a Post-Doctoral Researcher at the University
of Central Florida. His current research interests
lie in the areas of machine learning for wireless
communication, initial access in 6G/5G THz and
mmWave systems, and radio frequency localization
and sensing.

Katarina Vuckovic received the B.S. degree in
aerospace engineering and the B.S. and M.S. degrees
in electrical engineering from the Florida Institute
of Technology in 2017, 2017, and 2019, respec-
tively. She is currently pursuing the Ph.D. degree in
electrical engineering with the University of Central
Florida. Furthermore, she has worked at Collins
Aerospace as a Systems Engineer on wireless com-
munication systems, aircraft automation applica-
tions, and data analytic frameworks for aviation
applications for five years. Her current research
interest is machine learning applications in wireless communications.

Nazanin Rahnavard (Senior Member, IEEE)
received the Ph.D. degree from the School of Electri-
cal and Computer Engineering, Georgia Institute of
Technology, Atlanta, in 2007. She is currently a Pro-
fessor with the Department of Electrical and Com-
puter Engineering and an Associate Faculty of the
Center for Research in Computer Vision (CRCV),
University of Central Florida, Orlando, FL, USA.
She was a recipient of the NSF CAREER Award
(2011), the UCF Faculty Excellence in Mentoring
Doctoral Students (2022), the College of Engineer-
ing and Computer Science (CECS) Excellence in Research Award (2020), and
the UCF Women'’s History Month Honoree (2020). She serves on the Editorial
Board for the Computer Networks (COMNET, Elsevier) and the technical
program committee for several prestigious international conferences.

Authorized licensed use limited to: University of Central Florida. Downloaded on August 23,2022 at 01:40:31 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


