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ABSTRACT Terahertz (THz) band communication, operating in the range of (0.1 —10) x 10'2 Hz, holds
immense potential for fulfilling the ever-increasing demand for ultra-high data rate wireless communication.
However, the unfavorable channel characteristics of THz communication pose a significant challenge in
realizing this promising technology. In this paper, we present a novel solution to this challenge by proposing
a wideband THz hybrid multiple-input multiple-output (MIMO) system design that leverages the ultra-wide
bandwidth and the high spectral efficiency of MIMO schemes. We address the frequency-dependent nature
of the THz channel by using a filter-bank-based channel model and a multi-bank orthogonal frequency
division multiplexing (MB-OFDM) waveform design, which slices the wideband channel into smaller
frequency-independent subbands. Specifically, we illustrate two different THz hybrid MIMO structures,
one with a single precoder and combiner in the high sampling domain and another with a band-wise
precoder design in the low sampling domain. We have adopted sub-optimal methods that alternatively
optimize the beamformers. We evaluate the performance of our proposed MIMO schemes using numerical
simulations that validate their feasibility and effectiveness in achieving communication in ultra-wideband
frequency-dependent THz channels under various parameters and subband width assumptions. The results
also indicate that the proposed MB-OFDM waveform design reduces the peak-to-average power ratio
(PAPR) of the spatial streams compared to conventional OFDM.

INDEXTERMS THz, filter banks, MB-OFDM, spectral efficiency, wideband MIMO, hybrid beamforming.

. INTRODUCTION

HE TERAHERTZ (THz) frequency band’s ultra-wide

bandwidth availability makes it a highly appealing
solution to overcome spectrum limitations and meet the
ultra-high data rate requirements of future wireless systems
[1], [2]. Additionally, the THz band’s sub-millimeter wave-
length allows for the packing of numerous antennas into
small areas, enabling the use of beamforming to overcome
significant path loss and ensure adequate signal power recep-
tion at THz frequencies [3]. However, to achieve reliable
and efficient wireless communication in the THz spectrum,
a new digital baseband system design is required that
considers the THz-specific channel characteristics, which
differ significantly from conventional wireless channels. The
THz channel is heavily affected by the frequency-dependent
molecular absorption loss [4], [5]. In addition to that, due
to the peculiar nature of the THz band, all the other
propagation phenomenons like reflection, scattering, and

diffraction are also frequency dependent in nature [6], [7],
[8], [9] especially as we go higher in the THz frequency
ranges. As a result of these highly frequency-dependent
nature, the THz channel coefficients cannot be considered
constant for the entire bandwidth of interest. Thus, one of
the most critical challenges to be addressed in future ultra-
wideband THz wireless systems is the frequency-dependent
nature of the channel impulse response (CIR). In addition, to
realize the ultra-high target data rates, the large bandwidths
available in the THz band must be optimally combined
with multiple-input multiple-output (MIMO) technologies
using large antenna arrays for improved spectral efficiency
and thus enabling ultra-high data rates for THz-based
future wireless applications. In millimeter wave (mmWave)
bands, orthogonal frequency division multiplexing (OFDM)
is deployed to address the frequency-selective nature of the
channel. However, in THz communication, as the bandwidth
of operation is huge, the channel coefficients corresponding
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to the frequency-selective MIMO channel in the ultra-
wide bandwidth exhibit frequency-dependent characteristics,
resulting in distinct frequency-selective behaviors among
different subbands within the bandwidth of interest. As a con-
sequence, it becomes crucial to integrate these THz-specific
traits into the baseband system design to achieve dependable
and efficient ultra-wideband THz communication. Also in the
THz band, we need to improve spectral efficiency by keeping
the hardware complexity and power consumption at an
affordable level. Hybrid precoding improves the performance
of MIMO systems with a reduced number of radio frequency
(RF) chains by dividing the signal processing between the
analog RF and digital baseband domains [10], [11], [12],
[13], [14]. There are several works on THz MIMO with
hybrid beamforming for wireless communication in the
THz band. A hybrid beamforming scheme for multi-carrier
systems over frequency selective channels in the THz band
was proposed in [15], [16]. Hybrid precoding designs for
wideband THz systems considering the beam squint effect
are studied in recent works [17], [18], [19], [20], [21], [22].
The authors in [23] discuss the waveform design in joint
radar sensing and communication systems in the mmWave
wave and low THz bands. A flexible index modulation-aided
pilot design for THz communication is discussed in [24].

However, the above works assume the same baseband
channel coefficients for the whole bandwidth of interest
and do not consider the frequency-dependent nature of the
THz channel. In this work, we consider a digital base-
band input-output filter bank channel model to incorporate
the frequency-dependent nature of the ultra-wideband THz
channel and propose a hybrid MIMO system design with a
THz-specific waveform that uses a combination of OFDM
and filter banks for wideband transmission also known as
the multi-bank OFDM (MB-OFDM).

Why MB-OFDM based waveform?: The traditional cyclic-
prefix (CP) based OFDM scheme experiences a decrease
in spectral efficiency when used in systems with a signif-
icantly large bandwidth, primarily due to the inclusion of
a substantial CP. Moreover, the high peak-to-average power
ratio (PAPR) requirements also make OFDM inefficient
when operating in the THz band. Another key bottleneck
of the OFDM system is the out-of-band (OoB) emission,
which impacts the sideband. However, the MB-OFDM-based
system addresses these concerns and offers improvements
in this regard. Consequently, the MB-OFDM-based filter
bank system emerges as a promising candidate for the
waveform in a high-frequency THz system characterized by
an ultra-wide bandwidth. The idea of MB-OFDM has been
studied and researched over several years and there have
been many works based on this concept [25], [26], [27]. An
MB-OFDM system was discussed in [28] as an alternative
to the offset quadrature amplitude modulation (OQAM)
that enhances spectral confinement, i.e., controlling the
OoB emission and increases the efficiency with inter-carrier
interference presence mainly in the sub-6 GHz. Similar
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works are discussed in [29], [30], [31]. However, these
works concentrate mainly on the spectral efficiency and
OoB spectrum leakage in the sub-6 GHz bands and do not
consider the ultra-wideband THz aspect with beamforming.
Our initial work [32] introduced a novel THz-specific
MB-OFDM waveform design tailored for a single-input
single-output (SISO) scenario, showcasing its effectiveness
in harnessing the available ultra-wide bandwidths within
the THz band, while considering the frequency-dependent
characteristics of the THz channel. However, to further
enhance spectral efficiency while utilizing such extensive
bandwidths, it becomes imperative to explore the potential
of THz-specific waveforms in a MIMO scenario. However,
the possibility of a THz-specific digital waveform based on
filter banks and multiple OFDM systems for ultra-wideband
transmission with beamforming in a hybrid MIMO scenario
is not yet studied to the best of our knowledge making
this the first of its kind work that proposes MB-OFDM for
wideband THz MIMO communication. Thus, in this work,
we address the problem of designing the THz digital back-
end to utilize the ultra-wide bandwidth availability in this
band effectively so that reliable communication with less
number of RF chains and lower-order modulation schemes
can be achieved. Specifically, we propose two different
hybrid MIMO structures: the first with a single precoder and
combiner in the high sampling domain, and the second with
a band-wise precoder/combiner design in the low sampling
domain, assuming that the channel is known or estimated
in both cases. We have employed alternative optimization
methods to optimize the beamformers within the proposed
MB-OFDM based architectures.

Contributions: Given this background, the contributions
of this work are as follows

1) We propose a THz-specific MIMO baseband design
based on MB-OFDM waveform. This is the first of
its kind work in the context of THz. Our approach
incorporates the unique THz channel characteristics
into the system modeling along with beamforming.
The performance of the proposed MIMO schemes is
analyzed using numerical simulations with different
parameters and subband widths to validate the fea-
sibility and effectiveness of the proposed schemes.
Numerical results show that the proposed scheme of
MIMO MB-OFDM reduces the PAPR compared to the
conventional OFDM system.

2) We develop a digital baseband input-output filter bank
channel model that allows for a bandwise digital
back-end design. To address the non-linearity of the
THz MIMO channel coefficients due to the ultra-high
transmission signal bandwidth, this approach splits
the large signal bandwidth into smaller subbands,
enabling the channel coefficients to remain invariant
over the smaller subbands. As a result, the channel is
transformed into parallel MIMO filter banks.
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We propose two hybrid beamforming architectures
based on the high and low sampling domain of the
baseband design.
a) Hybrid beamforming at high sampling domain:
As the waveform is based on MB-OFDM,
the interfacing digital logic with the digial-
to-analog/analog-to-digital (DAC/ADC) after the
upsampling process works at high speed clock.
To leverage this aspect, we propose to design
the digital precoder/combiner at this clock speed.
This hybrid MIMO scheme in the high-sampling
domain, is designed to minimize the mean square
error (MSE) of the waveform at the receiver. We
can also choose the number of precoder/combiner
coefficients to reduce hardware complexity.
b) Hybrid beamforming at low sampling domain:
We also propose a hybrid MIMO scheme
with multiple low-dimensional digital pre-
coders/combiners operating in the low-sampling
domain, which processes each subband at a
lower clock speed. Digital precoding/combining
is performed in the frequency domain for each
subband, which operates at a lower clock speed.
However, this needs larger number of coefficients
to be designed.
Notation: Bold upper and lower case letters denote matrix
and vector, respectively. The superscripts (-)7 and ()7
denote the transpose and conjugate of a matrix, respectively.
E[ - ] denotes the expectation, while Iy denotes an (N x N)
identity matrix, Tr(.) represents a trace operation.

Il. BACKGROUND: THZ CHANNEL OVERVIEW AND
ULTRA WIDEBAND THZ FILTER BANK CHANNEL MODEL

An overview of the THz channel and the wideband filter
bank channel model is given below.

A. FREQUENCY DEPENDENT MODEL OF THZ CHANNEL
The frequency response of the wideband THz channel at a
particular time 7 is the superposition of frequency responses
of the N, multi-paths and is given as

Nl’
H(f, 0 =) Hif,1), (1)

i=1
where the frequency response of the i multipath is given by
Hi(f, 1) = |Hi(f, )] <H00, 2

In the conventional cellular bands, the magnitude response of
the i path |H;(f, t)| = |H;(¢)| can be considered independent
of frequency because of the narrow signal bandwidth. As
the magnitude response |H;(f)| is flat across the whole
bandwidth of interest, we can apply the linear phase criterion
on each path, and hence the total frequency response of the
channel can be given as
Np

H(f. 1) =Y |Hy(t)|e 7>m0, 3)

i=1
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where 7; is the propagation delay of the i multi-path.
Therefore, even though the individual attenuation and delays
of the multi-paths are assumed to be frequency-independent
in conventional narrow bands, the frequency selectivity arises
because of the different multipath delays of different paths.

However, in the THz band, the input signal bandwidth
spans several GHz, and the magnitude response on each path
is frequency-dependent, as it is the product of attenuation
due to path loss, molecular absorption loss, and phenomena-
dependent loss. The phenomena-dependent loss could be
reflection, scattering, or diffraction loss, depending on the
nature of the multipath. The magnitude response for the i
path with large bandwidth is given as follows [5]

\Hi(f, 1) = ‘HiF(f, t)‘ x ‘H,A(f, z)‘ x ‘Hf(f, 1)

NG

where IHf.p (f,n! is the attenuation of the i path due to
path loss, |Hf (f,1)| is the attenuation on the i path due to
absorption loss and |HfD (f,t)| is the phenomena dependent
loss on the i path at time ¢. Considering a low Doppler in
the system design, we ignore the time dependency in (4).
Therefore, attenuation due to the path loss is given by [5]

HE ()] = )

c
%4 fdi ’
where ¢ is the speed of light and d; is the path length of

the i path. The attenuation due to environmental absorption
loss is given by [5]

1 .
1| = e s, ©)

where k(f) is the frequency-dependent absorption coefficient
and is given by [4]

T
K=Y ’%quq(f), @)
q

where pg is the standard pressure, Tsrp is the temperature
at standard pressure, p is the pressure, T is the temperature,
01 is the number of molecules per unit volume of gas ¢ and
09 is the absorption cross section of gas g. The absorption
cross-section depends on the line intensity and the line shape,
which are available in the HITRAN database [4].

The phenomena dependent loss |Hf.D ()| could be due to
reflection, scattering, or diffraction depending on the nature
of the surface, on which the i multipath falls. In the case
of reflected rays, the phenomena dependent loss depends on
the reflection coefficient of the surface which depends on
the considered material, shape, and roughness of the surface.
Detailed descriptions of the frequency dependency of these
propagation phenomena can be found in [5].

As a result of the above-mentioned propagation phe-
nomena in the THz band, the various multi-paths already
have a frequency selectivity nature. Therefore, the THz
wireless channel will have a frequency selectivity due to
the random multipath delays on top of the already existing
frequency-dependent nature of the individual multi-paths
due to molecular absorption and other frequency-dependent
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FIGURE 1. Proposed MB-OFDM waveform generation at the transmitter (Excluding
beamforming part).

propagation phenomena. Hence, there is a need for an
appropriate model that characterizes these effects in a simple
and mathematically tractable way.

B. BASEBAND INPUT-OUTPUT FILTER BANK CHANNEL
MODEL

In this subsection, we describe the digital input-output filter
bank channel model for wideband THz channels. To simplify
the THz channel model, the complete wide band is split
into M number of smaller subbands. The m” subband will
have the frequency response from the i path H!'(f) as an
all-pass filter. Assuming a no Doppler scenario, (1) can be
rewritten as

M
H(f) =Y H"(f), ®)
m=1

where H™(f) is the total channel spectrum at the m™ smaller
band and can be expressed as

NP
H"(f) =Y H(f). )
i=1

Now, (9) can be realized in the digital domain using finite
impulse response (FIR) filter with the coefficients as [33]
h™ = [hg%’l" .. .h’L’Ll], (10)
where A" represents the i discrete channel coefficient for
the m™ band. Therefore, using (9) and (10), we can approx-
imate the entire wideband THz channel as a parallel FIR

filter bank where the filter coefficients remain approximately
frequency-invariant across the smaller subbands.
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lll. MB-OFDM BASED WAVEFORM DESIGN FOR THz
MIMO BASED ON FILTER BANK CHANNEL MODEL

In this section, we describe the proposed THz-specific
MB-OFDM waveform design for wideband MIMO commu-
nications. We initially present the proposed waveform design
for THz MIMO utilizing MB-OFDM without beamforming
for the ease of data model description. Subsequently, we
describe the two proposed beamforming parts separately. The
transmitted waveform for THz MIMO is designed to contain
multiple independent narrow-band MIMO data, which are
separated in the spectral domain from each other. The various
stages of the proposed waveform design are as follows.

A. TRANSMITTER DESIGN WITH MB-OFDM FOR MIMO
In this subsection, we describe the various stages of the
baseband transmitter design of the proposed MB-OFDM
based MIMO system.

1) STAGE-1: MULTIPLE MIMO OFDM SYSTEMS

The total transmission bandwidth B; is subdivided into
M number of smaller subbands. Each subband is further
subdivided to have K = LMLAfJ number of subcarriers where
Af is the subcarrier spacing. Zero padding is carried out
at the beginning and at the end of each subband to avoid
interference between neighboring subbands. We denote K, as
the effective number of non-zero subcarriers in each subband
and assume that N, = (K — K,) number of zeros are added
at each subband. We have N; number of spatial streams
corresponding to each of the M subbands. The frequency
domain symbol vector corresponding to the i spatial stream
in the m™ subband, including the zero padding, is denoted as
b} € CKxl i =1,2,...,.N,, where K is the total number of
subcarriers in a subband. The frequency domain MIMO data
vector corresponding to the m"” subband at the k' subcarrier
is denoted as b"[k] € CM*! k = 1,2,..., K. Now, K-
point inverse fast Fourier transform (IFFT) is carried out on
each stream b corresponding to the individual subbands.
By arranging the frequency domain vectors in matrix form
as B € CK*Ns| we can represent the time domain data
corresponding to the m” band as D" € CK*Ns = FHB™,
where F is the K x K IFFT matrix. The resulting time
domain data for the i stream in the m™ subband is denoted
as d € CKAHLIXL i = 1,2, ..., N; after the CP addition,
where L. is the length of the CP. Thus, after stage 1, we
have M number of time domain MIMO sequences of size
N x (K+L,) corresponding to the frequency domain MIMO
symbol data of size Ny x K of the M subbands.

2) STAGE-2: UPSAMPLING AND INTERPOLATION
FILTERING

In the next stage, the d" sequence is upsampled by a factor
M to obtain the new sequence d; € CMK+LIx1 j —
1,2,...,Ny. Thus, the upsampled sequence in the m™
subband for the i stream at the n' discrete time is given as

d1'[n] = di"'[n/M], when n is divisible by M

0, otherwise.

1)
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Therefore in the Z-domain, we have

D"(z) = D"()z7™M, (12)

where D;"(z) is the z-transform of the sequence d;”'[n] and
is defined as

N+L.—1[N-1
D™ — L —jwln/Nd‘m -1 13
") = Yo e Ml |7 a3)

=0 n=0

After the upsampling, a low pass filtering (LPF) operation
is carried out using an LPF with transfer function G (z)
having a normalized cut-off frequency of w/M on each of
the spatial streams in all the subbands. The resulting filtered
sequence in the m band is denoted as dr'[n] with

D>'"(2) = D1 (2)G1(2),i=1,2,..., N, (14)

where DzT(z) is the z-transform of the i sequence after
filtering and G (z) is the transfer function of the LPF having
a cut-off frequency of m/M. Thus, the upsampling and
interpolation filtering in the second stage compress and band-
limit the spectrum of all the individual time-domain MIMO
sequences to /M.

3) STAGE-3: ORTHOGONAL SPECTRUM SHIFTING
AND COMBINING

In the next stage, a band-shifting operation by multiples of
/M is performed on each of the individual band-limited
time domain MIMO sequences such that each one of them
is orthogonal in the spectral domain. The time domain
sequence for the i spatial stream corresponding to the
shifted spectrum of the m'™ sub-band is denoted as d3"[n]
and its spectrum is given by

(m—1Dm

D3;”(w):D2;"(w— Vi ),fori:l,Z,...,NX. (15)
The final step is the addition of all the information-carrying
time domain sequences having an orthogonal spectrum to
generate the single digital waveform sequence corresponding
to each of the streams. Therefore, the final waveform

sequence for the i stream in time domain, di[n] is given by

M
din] =Y d3}'[n].i=1,2,.... Ny (16)
m=1

Thus, each spatial stream in the final MIMO waveform con-
tains information corresponding to the M different subbands
and such a waveform design allows us to transmit multiple
independent narrow-band MIMO data streams simultane-
ously by utilizing the wide transmission bandwidth available
in the THz spectrum. Furthermore, the band-splitting nature
coupled with filtering post-upsampling within each subband
leads to a significantly reduced PAPR for the proposed
waveform, in contrast to the conventional CP-based OFDM.
This characteristic renders the proposed waveform a more
suitable choice, particularly due to the prevalent non-linearity
issues of power amplifiers in THz communication systems.
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FIGURE 2. MB-OFDM based receiver design (Excluding beamforming part).

B. RECEIVER DESIGN BASED ON THE PROPOSED
WAVEFORM

In this subsection, we describe the various stages of the
baseband receiver design of the proposed MB-OFDM based
MIMO system.

At the receiver, the received data occupying the wide band
in the high sampling domain is subjected to a series of
reverse operations. The various stages of the receiver design
based on the proposed waveform design are as follows

1) BAND PASS FILTERING

The first stage involves band pass filtering of the received
data to separate the different MIMO received sequences
corresponding to the different individual narrow band MIMO
data streams. This can be implemented by first shifting the
desired subband to the baseband area, followed by LPF
filtering. The shifter at the transmitter and the shifter at the
receiver are the same, with only the reverse direction of
the band shifting with respect to each other. The frequency
spectrum of the output sequence for the i’ stream in the m™
subband y;"[n] will be as follows

Yl-m(co)zYi(a)—i—%)Gz(w), fori=1,2,....N, (17)

where Y;(w) and Gy(w) are the frequency spectrum of the
received sequence y;[n] and LPF having cutoff at w/M
respectively. This will result in M number of received time
domain MIMO sequences band-limited to /M correspond-
ing to the individual subbands.

2) DOWN SAMPLING

The next step is the down-sampling of the time domain
sequence y;"'[n] by the factor M. Let us define Y,/ (w) as
the spectrum of the down-sampled sequence corresponding
to the i stream for the m” subband. This is defined as
follows
Y m( ) = lMX_:l Y‘mej(w—27rk)/M
di w) = M e i .

(18)
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Let us assume that the time domain sequence corresponding
to the i stream of (18) after CP discarding is y,!'[n] for
n=0,1,..., K—1. Therefore, after performing the K-point
FFT operation on each of the time domain sequence vectors
in each subband, the discrete frequency domain MIMO data
model corresponding to the m subband becomes

Ik = HY[KID"[k] + w"[k], for k=1,2,...,K (19)

where yf][k] is the Ng x 1 received frequency domain data
vector across the k" subcarrier in the m™ subband, H}[k]
is the effective frequency domain MIMO channel matrix
of subcarrier k in the m™ subband, b™[k] is the N, x
1 frequency domain data vector corresponding to the k'
subcarrier in the m™ subband and w”[k] is the corresponding
noise vector. The frequency domain channel corresponding to
each subband is the Fourier transform of the corresponding
effective downsampled frequency-selective MIMO channels.
Thus, with such a waveform design, the ultra-wideband
THz MIMO system is effectively converted into multiple
MIMO systems corresponding to different subbands, which
gives us the flexibility of bandwise estimation/detection and
compensation.

Remarks on complexity: Here, we analyze the structural
complexity of the proposed THz MIMO MB-OFDM system.
The K-point IFFT utilizing a radix-2 structure necessitates
(K* — K) additions and (K?/2 4+ K/2) multiplications.
Following upsampling, the front-end filters with a finite
length of L; taps require (L; — 1) additions and L
multiplications per spatial stream. Consequently, the total
complexity in either the transmitter or receiver, consider-
ing M subbands and N, spatial streams, is expressed as
MN3EE — K por, — 1),

IV. PROPOSED MB-OFDM BASED THz HYBRID
BEAMFORMING IN MIMO SYSTEMS

In this section, we describe the proposed hybrid beam-
forming architectures for MB-OFDM based THz MIMO
communications. We propose two hybrid beamforming
architectures, differentiated by their operation in the high
and low sampling domains of the baseband design. To
validate the feasibility and effectiveness of our proposed
schemes, we employ a simplified optimization process for the
THz-specific MB-OFDM-based hybrid MIMO architectures.
In this process, we first fix the RF beamformers, which
are uniform across all subbands, using existing techniques.
Subsequently, we optimize the baseband precoders by
accounting for the frequency-dependent variations inherent
to the THz channel. This approach leverages alternative
optimization techniques to derive the beamformers within
the context of the proposed MB-OFDM-based framework.

A. SYSTEM MODEL

We consider an ultra-wideband indoor THz hybrid MIMO
wireless system with a transmitter having N, number of
transmit antennas and a receiver with N, number of receive
antennas. The transmitter and receiver have Ngr number
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of RF chains. The analog beamforming at the transmitter
and the analog combining at the receiver are assumed to be
implemented using digitally controlled THz phase shifters.
We consider a fully connected architecture for the RF
precoder and RF combiner, even though the schemes can
be applied to partially connected architectures as well. We
assume that the transmitter is equipped with a uniform linear
array (ULA) having N; antennas, each of which is connected
to a THz phase shifter. The transmitter employs the proposed
THz-specific filter-bank-based waveform to transmit the data.
We propose two beamforming schemes, one in the high sam-
pling domain and the other one in the low sampling domain
of the baseband design. Given that the primary objective
of this work is to test and evaluate the effectiveness of
the proposed schemes in mitigating the frequency-dependent
characteristics of the THz channel, we adopt the assumption
of an ideal and complete channel state information (CSI)
scenario. Nonetheless, by making this assumption, we create
opportunities for future exploration into scenarios involving
imperfect CSI and other impairments, such as beam squint,
thereby paving the way for further research on the proposed
schemes.

B. THZ HYBRID MIMO SYSTEM WITH BEAMFORMING IN
THE HIGH SAMPLING DOMAIN

In this subsection, we describe the proposed hybrid beam-
forming architecture with beamforming in the high sampling
domain. Given that the waveform is based on MB-OFDM,
the digital logic interfacing with the DAC/ADC operates
at a high-speed clock after the upsampling process. To
take advantage of this, we propose designing the digital
precoder and combiner to function at this high clock speed.
This hybrid MIMO scheme, working in the high-sampling
domain, aims to minimize the MSE of the waveform at the
receiver. Additionally, we can adjust the number of precoder
and combiner coefficients to decrease hardware complexity.

In this scheme, both the baseband precoding and RF
beamforming are performed in the high sampling domain,
and we assume that the CSI is completely known at the
transmitter. In this scheme, hybrid beamforming is designed
to achieve a MIMO transmission over a frequency-dependent
MIMO channel. Therefore, the objective of the hybrid
beamforming design in the high sampling domain is to
design the hybrid precoders at the transmitter and the hybrid
combiners at the receiver such that the MSE of the waveform
data at the receiver is minimized. The transmitter architecture
of the proposed scheme is shown in Fig. 3.

Digital beamforming is used to map the waveform streams
into the RF chains. We consider baseband data from (16)
at the n time as d'[n] = [d{[n], dj[n], ..., d} [n]]". These
are precoded using the baseband precoder Fgp € CNrF*Ns
to form the precoded data as x”[n] = Fppd'[n] € CNrFx1,

Our objective is to design an optimal precoder and optimal
combiner such that the MSE of the actual transmitted MIMO
waveform data and the corresponding received data are
minimized. The transmitter uses the analog beamforming
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FIGURE 3. Transmitter architecture for THz hybrid MIMO system with single
precoder/combiner in the high sampling domain.
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FIGURE 4. Receiver architecture for THz hybrid MIMO system with single
precoder/combiner in the high sampling domain.

matrix Fgr € CN*NrF to transmit the precoded input
waveform x” and the received signal is combined using the
analog combiner matrix Wgr € CNrxNrF We maintain that
|Frr(i, )| = 1, |Wgr(i,))] = 1,V(,j). Assuming a single
tap channel, the baseband received vector y[n] € CNrrx1
at the n' discrete time after the analog combiner can be
written as

yin] = [WHHFRe [0 + Wiwinl,— 20)

where H is the N, x N; wideband THz channel matrix
with high sampling rate and w[n] is the additive white
Gaussian noise (AWGN) vector. As the THz channel can be
assumed to be more sparser than a mmWave channel, we
use the geometric channel model with a very small number
of dominant paths to characterize the THz channel. Since
the path gain is highly frequency dependent, we approximate
the path gain to be frequency invariant over the smaller
subbands. Therefore, the channel can be expressed as

M L
H=3" 3 of'ar(e]. #))ar" (6], ).

m=1 I=1

21

where L is the number of dominant paths, 91’, 91’ € [0, ]
and ¢l’ , ¢>l’ € [0, 2] are the associated elevation angle and
azimuth angles for both angles of departure (AoD) and
angle of arrival (AoA), M is the number of subbands and
o is the path gain of the /™ path in the m™ subband.
Similarly, ar(9], ¢;) € CV*! and ar(8}, ¢!) € CN*! are
the array response vectors associated with the I path in the
receiver and transmitter, respectively. In the case of ULAs,
the array response vectors at the transmitter and receiver can
be written as

p—

T
2T g N1V 2T g cin ot
ar(0]) = _Nt[1,efidsm9f,...,e’“"' ”*ds‘“(’l] )

-5

T
2T g aF N —1) 27 din Q7
ar(6]) = [1,efzxdsmf)z,...,e/w' “‘Ads‘“@l} . (23)

=
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The ultra-wideband THz channel matrix is written as follows

M
H= Z Hmej(m_l)w"", (24)

m=1

where H™ is the equivalent low pass channel matrix
corresponding to the m” subband and wq is the subband
width. It is assumed that the channel matrices H!, H?, . ...,
HY are perfectly known at the transmitter. Therefore, the
received data can be written as

yln] = WgF[Hl H2/won M e/(M—l)wOn]
I
In: "
x| . |Frrx’[n] + Wepw(n] (25)
In

Now, ignoring the discrete-time notion for notational
simplicity the data model can be written as

y= WgFHEFRFXp —+ WgFW’ (26)

where Hg 2 Y M_ H7"e/m=Deon ¢ CNxNi s the effective
channel matrix. Now, the received data vector y is processed
using the optimal baseband combiner Wpp € CNo*Nrr
to recover the original waveform stream. Thus, the final
recovered data can be written as follows

d' = WpgWH HeFrrFppd' + WegWhow.  (27)

The objective of the optimization problem is to design the
hybrid analog and digital precoders at the transmitter and
receiver to minimize the MSE of the recovered stream by
minimizing the trace of the error covariance matrix given by

MSE = E{ (d—a)(d - d’)H}.

To reduce the complexity and to illustrate the feasibility
of the proposed schemes, we set the analog precoder Frr
and the analog combiner Wgr as the array response vectors
corresponding to the actual angles of propagation paths at
the transmitter and receiver [10], [34]. Thus

Frr = [ar(0]) ar(6}) ar(07)]
Wer = [ar(6])  ar(65) ar(67)]

Then, we design the optimal baseband precoder and com-
biner, which minimizes the MSE at the receiver. Therefore,
after the analog beamforming and combining, the final data
model can be written as

(28)

(29)
(30)

d’ = WpgHFppd' + Wppn, 31)

where Hp = W;’FHEFRF is the final effective channel after
the analog beamforming and combining and n = WgFW
is the effective noise after the analog combining. Now,
substituting (31) into (28), we can express the MSE as
follows
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MSE = Tr[(WBBHFFBB — DR (WpsHpFp — I)H]

+ Tr[wBBR,,,,wgB], (32)

where Ry, is the covariance matrix of the waveform and R,
is the noise covariance matrix. Now we have to design the
optimal baseband precoder Fpp and the baseband combiner
Wpp such that the overall MSE is minimized. Thus, the
optimization problem can be written as

arg min MSE
Fpp,Wpp

s.t. Tr(FBBRddF’gg) < P, (33)

where Py, is the total transmitted power. Applying the
Lagrange method, we can rewrite the modified objective
function as follows

MSE = Tr((WBBHFFBB — DRy(WpgHFpFpp — I)H)

+Tr(WasRu Wiy ) + 1(Tr(FasRaaFfls) = Pror ).
(34)

where w is the Lagrange coefficient. By differentiating the
gradient with respect to Wpp and equating it to zero, we
obtain the solution of Wpp as

-1
Wis = RuFpsHY Ry, + HeFsRaF i HE ) . (35)
Similarly, by solving Fpp, we obtain it as follows

-1
Frp = (Wi WesHr + 1) HEWE,  (6)

Since solving equations (35) and (36) for Wpp and Fpp with
the constraint Tr(FgpR/F g’B) < Py, is difficult, we simplify
the objective function in (34) by diagonalizing the symmetric
matrices involving R,,, Hr and Ry; and we focus on Wpp
and Fpp that can be decomposed as

Fpp = VOU" Wpp = UrA~'VAHIR !

n o (37
where U,V are the unitary matrices corresponding to the
eigen decomposition of Rz and H';I R;nl Hp, respectively and
@, T’ are appropriately defined matrices. The involved eigen

decomposition are
Ry = UAUY,
HIR,'HF = VAV,

(38)
(39)

where A and A are the diagonal matrices containing the
eigenvalues corresponding to the respective eigen decom-
position. Now by substituting using (37), we can write the
objective function (34) as

MSE = Tr(rA—er) n Tr((r<1> “DAT® — I)H>
+M(Tr(<I>A<I>H) _ Pm,).

Equating to zero the derivatives of (40) with respect to ®
and T' we obtain

(40)

® = (r”r n MI)_er, 41)
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ture for ultra-wideband THz MIMO with band-wise

and

-1
r=a0" (A" +oa0") 42)
respectively. Following [35] and using (41), (42), the
objective function can be further simplified to obtain the
diagonal matrix @ with the (i, /)" entry as follows

P+ Te(A”) 1 1
Tr(ATYV2AYV2) Jhiidii Aiidii’

where A;; and §;; are the eigen values of the diagonal
matrices A and A respectively. Finally, with the knowledge
of the effective channel matrix Hr and the knowledge of
the diagonal matrices A, A corresponding to the eigen
decomposition in (38), (39), the optimal digital precoder-
combiner combination that minimizes the mean square error
of the digital waveform in the receiver can be written as

Fy = VouUr, (44)

|¢iil* = (43)

-1
WO = RygF,, Y (HFFg'g Ry F, HE + R,m) . (45)

Therefore, such a joint design of the optimal precoder and
combiner minimizes the MSE of the digital waveform at the
receiver in the high sampling domain, given channel state
information and the covariance information of the waveform
and noise. Now receiver-specific signal processing with
respect to the proposed waveform design can be performed
to separate the original information corresponding to the
individual subbands.

C. THZ HYBRID MIMO SYSTEM WITH BAND-WISE
PRECODING/COMBINING IN THE LOW SAMPLING
DOMAIN

In this subsection, we describe the proposed hybrid archi-
tecture for MB-OFDM with beamforming in the low
sampling domain. We propose a hybrid MIMO scheme
that incorporates multiple low-dimensional digital precoders
and combiners operating in the low-sampling domain, each
associated with a subband and functioning at a lower clock
speed. Digital precoding and combining are performed in
the frequency domain, based on corresponding bandwise
channel information and the analog RF precoder is common
for all subbands. The complete transmitter architecture of
the proposed scheme is given in Fig. 5.

We consider capacity as the cost function in the design of
the hybrid beamformers in this scenario. The total capacity
of the system can be expressed as the sum of the capacities
of the individual subbands.
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Thus, the objective of the optimization problem is the
design of the optimal hybrid precoders at the transmitter and
the optimal hybrid combiners at the receiver such that the
overall capacity of the system is maximized with the total
transmit power constraint.

We express the capacity R of the wideband THz MIMO
system as follows

M

R=Y"R" (46)
m=1

where R™ is the capacity of the m™ subband. The R™ is

computed over all the effective non-zero subcarriers in the
subband as follows

K
R" =Y "R"[K], 47)
k=1
where K" is the effective number of non zero subcarriers
in the m™ subband. According to the hybrid MIMO scheme
with the proposed waveform design, the effective baseband
data model in the frequency domain after the analog
combining for the m” subband is given by

Y"[k] = W H [KIFppFpp[KIb™[k] + Wi .n"[k], (48)

where y"[k] is the frequency domain received data vector
corresponding to the m™ subband, H/[k] is the frequency
domain channel corresponding to the m™ subband’s effective
down-sampled MIMO channel, b™[k] is the frequency
domain symbol vector corresponding to the m™ subband,
Fgglk] is the baseband precoder corresponding to the m'™
subband, Frr,Wrp are the common analog precoder and
combiner and n”*[k] is the noise vector corresponding to the
m'™ subband. Thus, the final data model in the frequency
domain after the baseband digital combining at the m™
subband can be written as

§" k] = Wi[k1¥ W H [K]F rpF g (Kb [K]
+ WLk WH ™ [k], (49)

where Wi,[k] is the digital baseband combiner correspond-
ing to the m™ subband. Then, the spectral efficiency per
subcarrier for the m!” subband R™[k] can be expressed as
follows

1
R™[k] = log, |Iy, + pC'"[k]Hy[k]F’"[k]F’"[k]HHfi”[k]H :
(50)

where C"[k] = W™ [k](W™[kKITW™[k]) "W [k, F™[k] =
FrrFgglk] and W"[k] = WgpWpgglk]. Thus the
optimization problem for ultra-wideband THz hybrid MIMO
system can be formulated as

M
arg max Z R"
FRF’WRF’FgB[k]’ngB[k]me[M],ke[K] m=1
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M k=
st LYY Tr(FRFFgB[k]FgB[k]HFgF) < Pror
m=1 k=1
2. |Frr(, DI =1,Y(,))

3. [Wrr@. )| =1 V(@.j), (51)

where Py, is the total transmit power constraint. The total
power constraint can be expressed as Py, = ZﬁlePm,

where P,, = Zgl ||FrrFgglkll |2 is the power allotted to the
m' subband. As the joint optimization of all parameters is
computationally complex, we adopt a sub-optimal approach.
First, the hybrid precoders at the transmitter are designed
by assuming optimal combiners at the receiver. Then once
the optimal transmit hybrid precoders are available, that
information is used to further optimize the hybrid combiners
at the receiver as outlined in [10], [12], [13]. Since this
joint optimization problem is difficult to solve with the
total transmit power constraint, a band-wise power constraint
is assumed in each subband. Based on that, we do a
band-wise optimization to find out the optimal baseband
digital precoders and combiners corresponding to each of
the subbands.

1) SUB-OPTIMAL HYBRID PRECODERS DESIGN

The hybrid precoders at the transmitter include the multiple
baseband digital precoders corresponding to the individual
subbands and the analog precoder, which is common to all
the subbands. Thus, the transmitter hybrid precoding problem
can be written as

M
max Z R™

arg
{FRF’FZLB[H’}me[M],ke[Kg"] m=1
M k=K]'
sty ) Tr(FRFFgB[k]FgB[k]HF§F> <P,
m=1 k=1

2. [Fre(i, )l = 1LV, )), (52)

where P,y = Z%zle, is the total transmit power con-
straint. This problem can be solved by first fixing an analog
beamformer Fgrp which is common for all the subbands,
and then designing the optimal digital precoders Fgz[k] of
each band in such a way that the overall capacity in the
subband is maximized with the corresponding band-wise
power constraint. To further simplify the problem, we assume
an equal power division among subbands and do a band-wise
optimization considering an average per subcarrier power
constraint in each subband to obtain the optimal baseband
precoders corresponding to each of the subbands. Thus, the
transmitter digital baseband precoder design problem for the

m™ subband can be written as

K2
Y R'K
k=1

St Tr(FRFFgB[k]FgB[k]”FgF) <P" (53)

arg max
FL[k]
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FIGURE 6. Receiver architecture for ultra-wideband THz MIMO with band-wise
precoders/combiners.

where P7 is the average per subcarrier power constraint in
the m™ band and R™[k], the achievable rate of subcarrier k
in the m™ subband, is given by

1
R"[K] = logy Iy, + —HG [KIF" [KIF" [KITHG (k1" (54)

Due to the coupling between the RF and baseband precoders
in the power constraint, the optimal baseband precoders
are expressed as a function of RF precoders as described
in [13], [14]. Even when the RF precoder is fixed, the
effective channel at the baseband is different in different
subbands due to the unique frequency-dependent nature of
the wideband THz channel. Therefore, once the analog
precoder is fixed, the effective channel corresponding to the
m™ subband can be written as H;’;-[k] = H//[k]FgF. So, the

optimal digital precoder corresponding to the m™ subband
can be found by solving

1
arg max log,|Iy, + pHg}[k]FgB[k]FgB[k]H H (k17

Fgplk]

.. Tr(QFgB[k]F'gB[k]H) <pn

g (55)
where Q = FgFFRF. Thus, the digital baseband precoding
matrix for the m™ subband is given by the closed-form
solution

Fylk]l = Q~'/VI KT K], (56)
where V7'[k] is the set of right singular vectors corresponding
to the largest Ny singular values of H;’]’c[k]Q_l/ 2 and k]
is the diagonal matrix representing the water-filling power
solution. More details are given in Appendix. Hence, the
optimal digital precoders for the different subbands are
dependent only on the band-wise channel information HJ}[]
and the analog precoding matrix Fgp. That is, given the
power constraint and the band-wise channel information,
we obtain the optimal baseband precoders that maximize
the spectral efficiency in the corresponding subbands. For
simplicity, we fix the RF precoder based on the standard
mean channel matrix (MCM) and mean channel covariance
matrix (MCCM) based analog beamforming algorithms
[19], [36] by utilizing the channel information of subcarriers
in all the subbands.

4832

TABLE 1. List of parameters.

Name of parameter Value (Default)
RF 300 GHz

Input Bandwidth 30 GHz
No of Subbands 5 (Default)
Subband Width 6 GHz

Channel model Filter bank model
No of Dominant Paths 5

ULA

Fully connected
As per the SNR

Array type

Array architecture

Noise Power

Modulation QPSK
FFT Size 512
No. of Tx Antennas 20
No. of Rx Antennas 20

2) SUB-OPTIMAL HYBRID COMBINERS DESIGN

The hybrid combiners at the receiver include the multiple
band-wise digital baseband combiners and the analog com-
biner, common to all the subbands. The hybrid combiner
design is carried out using the already obtained hybrid
precoders. In this work, we fix the RF combiner by setting
the columns as the array response vectors corresponding
to the propagation paths at the receiver. After that, for the
already fixed RF combiner, we find the optimal baseband
combiners in each subband. The optimal digital combiner
for the m” subband corresponding to the k”* subcarrier
for a given analog combiner is denoted as Wi,[k] and is
given by the standard minimum mean square error (MMSE)
solution as

W[k = J" (k] W H? [k]F™ [k], (57)

where
Ikl = WH H [KIF" [KIF" (K17 WrEp 4 0> WH . Wrr (58)

and F"[k] = FgrrpFpgg[k] is the effective precoder corre-
sponding to the m™ subband. The overall algorithm for the
precoder and combiner design is given in Algorithm 1.

V. RESULTS AND DISCUSSION

In this section, we present the numerical results of our
proposed THz hybrid MIMO schemes. Our evaluation
focuses on the bit error rate (BER) and spectral efficiencies
of the schemes which we assess under different system
parameter assumptions to verify the effectiveness of our
proposed schemes. Given the lack of availability of real THz
measurements and the frequency dependency of the baseband
channel coefficients, we make different subband width
assumptions and parameters for the purposes of simulation.
Beam squint effect is not considered for simplicity. We
assume an indoor wideband THz wireless system with
perfect channel information, a fully connected architecture,
and a ULA for beamforming at both the transmitter and
receiver. The various simulation parameters are shown in
Table 1.
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Algorithm 1 Band-Wise Precoder/Combiner Design for

MIMO MB-OFDM THz System

)y Given H"[k],k=1,2,...K,m=1,2,...M

2) Initialize Mean channel matrix H = Oy, xn,, Mean
channel covariance matrix H. = Oy, xn,

3) if MCM then

4 form=1:Mdo

5) for k=1:K do

—_

6) H = H + H"[k]
7) end for

8) end for _

9 Set H= 1

__ MK
10 H=UZVH
11) Set Frr = \_7(2, 1 : Ngr)
12) else if MCCM
13) form=1:Mdo
14) for k=1:K do
15) H, = H, + H"[k]"H"[k]
16) end for
17)  end for
18)  Set H, = 1
19 H,=U.X.V,.
20) Set Frr = V.(:, 1 : NgF)
21) end if
2) form=1:Mdo
23y fork=1:Kdo
) Fpplk] = (PR Fre) ™2 VIKT K]
25)  end for
26) end for
27) Set Wgr as ARVs of channel paths at Rx
28) form=1: M do
29y fork=1:K do
30 Wiglkl = J k] Wi H" [K]F™[K]
31) end for
32) end for

)

First, we show the BER performance of the hybrid MIMO
system with the single precoder and combiner in the high
sampling domain. The band-wise BER performance of the
system is analyzed for different values of the zero subcarriers
(N;). In this setup, we use the number of transmit antennas
N; = 20, the number of receive antennas N, = 20, and
the number of spatial streams Ny = 2. Here we set the
analog precoder Frr and the analog combiner Wgr as the
array response vectors corresponding to the actual angles of
propagation paths at the transmitter and receiver [10], [34].
The FFT size in each subband is K = 512 with a total
bandwidth of 30 GHz subdivided into five subbands with a
subband width of 6 GHz each. The corresponding bandwise
BER performance is given in Fig. 7, Fig. 8 and Fig. 9 for
the number of zero subcarriers N, =5, N, = 10 and N, = 20
respectively.

For lower number of zero subcarriers N, the different
subbands exhibit similar BER performance in the lower SNR
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FIGURE 7. Bandwise BER performance with single precoder/combiner in the high
sampling domain with N, = 5, N; = 20, N, = 20, and bandwidth of 30 GHz split into five
subbands with FFT size K = 512.
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FIGURE 8. Bandwise BER performance with single precoder/combiner in the high
sampling domain with N, = 10, N; = 20, N, = 20 and bandwidth of 30 GHz split into
five subbands with FFT size K = 512.

range. Nonetheless, as the SNR increases, each subband’s
BER performance starts to degrade due to interference
from adjacent subbands. As the number of zero subcarriers
increases from N, = 5 to N, = 20, we observe a
corresponding improvement in the BER performance. This is
attributed to the increased guard band, which provides better
protection against interference from neighboring subbands.
To gain further insight, we plot the average BER of the
system with different values of N,. We examine two scenarios
where the number of zero subcarriers is varied. In the first
scenario, we divided the total bandwidth into five subbands
with a subband width of 6 GHz each and used an FFT size
of K = 256. In the second scenario, we reduced the number
of subbands to three and used an FFT size of K = 512. Our
results, shown in Fig. 10 for the M = 5 case and Fig. 11
for the M = 3 case, demonstrate a flattening of the BER
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FIGURE 9. Bandwise BER performance with single precoder/combiner in the high
sampling domain with N, = 20, N; = 20, N, = 20, and bandwidth of 30 GHz split into
five subbands with FFT size K = 512.
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FIGURE 10. BER performance with single precoder/combiner in the high sampling
domain for the different number of zero subcarriers with N; = 20, N, = 20, bandwidth
of 30 GHz split into five subbands with FFT size K = 256.

vs. SNR curve as N, decreases. This phenomenon occurs
because as N, decreases, the front-end filters in the MB-
OFDM system have less sharp transitions from passband
to stopband, leading to increased inter-subband interference.
This interference limits the ability of the system to improve
its BER beyond a certain SNR threshold. However, as N,
increases, this effect becomes negligible.

Next, the performance of the hybrid MIMO system using
bandwise precoders and combiners is analyzed. Specifically,
the BER performance and average spectral efficiency are
evaluated while keeping the common RF precoder fixed
using the standard MCM and MCCM-based analog beam-
forming algorithms [19], [36] with channel information from
all subcarriers. The system is evaluated with the same
parameter set as defined in Table-1 with M = 3 subbands.
The BER of individual subbands is plotted in Fig. 12,
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FIGURE 11. BER performance with single precoder/combiner in the high sampling
domain for the different number of zero subcarriers with N; = 20, N, = 20, bandwidth
of 30 GHz split into three subbands with FFT size K = 512.
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FIGURE 12. Bandwise BER performance with bandwise precoders/combiners with
MCCM analog precoder; N; = 20, N, = 20, N, = 20, and bandwidth of 30 GHz split in
3 subbands.

indicating that the hybrid MIMO system with bandwise
precoding in the low sampling domain exhibits varying BER
across different subbands. Specifically, the subband situated
at the higher end of the RF band performs worse compared
to the other subbands. This could be attributed to the lower
power in the precoder for that particular subband and its
position within the higher side of the RF spectrum.

The overall effective BER of the hybrid MIMO system
is computed as the average of all the bandwise BER and is
plotted in Fig. 13 for the same parameter settings. Different
analog precoders based on MCM, MCCM algorithms, and
array response vectors of channel paths are considered,
and it is observed that the MCCM-based analog precoding
provides better overall BER performance compared to the
other precoders. We have also plotted the BER performance
with existing MIMO-OFDM based THz system [16] and
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FIGURE 13. BER performance with bandwise precoding/combining in low sampling
domain with different analog precoders; N; = 20, N, = 20, N, = 20, bandwidth of 30
GHz with M = 3.
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FIGURE 14. BER performance with bandwise precoding/combining in low sampling
domain with different subbands and standard OFDM (M = 1). precoders; N; = 20,
N, = 20, N; = 20, bandwidth of 30 GHz.

varying the subband number in Fig. 14. We observe almost
5 dB SNR gain with respect to conventional MIMO-OFDM
Thz system at around 10~3 BER. This is due to frequency
dependency of the channel taps in wideband, which is not
addressed in OFDM system. We also observe SNR gain when
number of subbands (M) are increased, which establishes
the superiority of the MB-OFDM system.

Next, the performance of the proposed ultra-
wideband hybrid MIMO system, which uses bandwise
precoding/combining is evaluated in terms of its average
spectral efficiency. The system performance is presented in
Fig. 15, which illustrates the average spectral efficiency for
a bandwidth of 30 GHz, N; = 20 transmitting antennas,
N, = 20 receiving antennas, Ny, = 2 streams, and
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an FFT size of K = 512. The analysis considers the
impact of different analog precoder choices and various
numbers of zero subcarriers on the system’s overall spectral
efficiency. The results demonstrate that as the number of
zero subcarriers increases, the system’s spectral efficiency
decreases, regardless of the analog precoder selected. This
reduction occurs because more zero subcarriers eliminate
interference from neighboring subbands, but it reduces the
number of effective non-zero subcarriers available for data
transmission in each subband. Consequently, in practical
scenarios, the values of zero subcarriers should be optimally
chosen based on the system’s THz range of operation and
the desired BER performance requirement. In Fig. 16, we
compare the average spectral efficiency of the proposed
scheme for different numbers of data streams, namely
Ny = 1, Ny = 3, and Ny = 5. The system parameters are
changed and set as follows: N; = 30 transmitting antennas,
N, = 30 receiving antennas, N, = 30 zero subcarriers,
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FIGURE 17. The comparison of the PAPR in terms of histograms for the proposed
MB-OFDM with conventional OFDM and SC-FDMA with the total number of subcarriers
fixed at 512 and the number of subbands M = 8 with QPSK modulation.
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FIGURE 18. The comparison of the PAPR in terms of CCDF for the proposed
MB-OFDM with conventional OFDM and SC-FDMA with the total number of subcarriers
fixed at 512 and the number of subbands M = 8 with QPSK modulation.

an FFT size of K = 512, a bandwidth of 30 GHz with
5 subbands with a subband width of 6 GHz each. By
effectively transmitting multiple data streams with minimal
interference through sufficient zero padding, the system’s
average spectral efficiency performance improves with an
increase in the number of spatial streams.

We now present the simulation results showing the
PAPR of the baseband spatial streams using the proposed
MB-OFDM waveform and compare it with conventional
OFDM, and single carrier frequency division multiple access
(SC-FDMA) with a pre-FFT size of 128. We employ QPSK
modulation and maintain the total number of subcarriers
constant at 512.To depict the PAPR distribution for each
scheme, histograms averaged over numerous realizations
are plotted. In Fig. 17, we compare the PAPR of conven-
tional OFDM and SC-FDMA with that of the proposed
MB-OFDM using M = 8. Additionally, the corresponding
PAPR comparison, represented through the complementary
cumulative distribution function (CCDF), is illustrated in
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FIGURE 19. The comparison of the PAPR in terms of histograms for the proposed
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FIGURE 20. The comparison of the PAPR in terms of CCDF for the proposed
MB-OFDM with conventional OFDM and SC-FDMA with the total number of subcarriers
fixed at 512 and the number of subbands M = 16 with QPSK modulation.

Fig. 18. Similarly, Fig. 19 and Fig. 20 demonstrate the
histogram and respective CCDF as the number of subbands
is increased to M = 16. The results distinctly establish the
superiority of MB-OFDM over conventional OFDM. The
performance of SC-FDMA is slightly better than MB-OFDM
in the M = 8 case. However, we can see a significant
reduction in the PAPR for the proposed waveform when
the number of subbands is increased from M = 8 to
M =16 and it shows a better performance compared to
both SC-FDMA and conventional OFDM. The proposed
MB-OFDM scheme significantly reduces PAPR by using
the specialized baseband design for THz, which divides
the wideband into smaller subbands. Although the front-end
filter following upsampling in each subband can potentially
increase PAPR [37], this effect is balanced by the lower
number of subcarriers in each subband, reducing peak
power [38]. Consequently, the likelihood of peaks occurring
simultaneously across all subbands decreases, leading to an
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overall reduction in PAPR compared to a single wideband
OFDM signal [32].

Next, we evaluate the OoB emission reduction capa-
bility of MB-OFDM compared to conventional OFDM.
To illustrate the OoB reduction performance, we con-
sider an MB-OFDM system with M = 2 subbands. The
results, depicted in Fig. 21, show a significant improve-
ment in OoB emission reduction with the MB-OFDM
architecture. Specifically, while the conventional OFDM
spectrum exhibits a reduction of approximately 18 dB, the
MB-OFDM system achieves a significantly higher reduc-
tion of approximately 25 dB. This enhanced performance
clearly demonstrates the superior ability of the MB-OFDM-
based system to mitigate OoB emissions, validating its
effectiveness over traditional OFDM systems. The improve-
ments in PAPR reduction and OoB emission control
highlight the potential advantages of implementing the
proposed waveform in wideband THz MIMO communica-
tion. By effectively mitigating PAPR and addressing the
frequency-dependent characteristics inherent in wideband
THz channels, this approach can significantly enhance the
overall performance of THz systems.

VI. CONCLUSION

This work presents a novel THz-specific MIMO base-
band system design that mitigates the ultra-wideband
and unfavourable frequency-dependent challenges associated
with the THz channel. We have proposed two hybrid MIMO
architectures with the proposed THz-specific MB-OFDM
waveform. The first architecture uses a single precoder and
combiner in the high-sampling domain, while the second
one employs multiple bandwise digital precoders/combiners
operating in the low-sampling domain. Our extensive numer-
ical simulations, with varying parameters and subband width
assumptions, demonstrate the feasibility and effectiveness of
the proposed schemes for communication in ultra-wideband
frequency-dependent THz channels. We also show that the
proposed waveform design reduces the PAPR of the system
compared to the conventional OFDM.
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APPENDIX
The optimal digital precoder corresponding to the m
subband can be found by solving

th

arg max logy|Iy, + — H KT G [KIF g [k H K1

Fjs K]

St Tr(QF KTF (k] )<P§V, (59)

where Q = FgFFRF. Here, the optimal baseband precoders
cannot be directly derived from a simple SVD of the effective
channel combined with the RF precoder H [k] [ 1FRrE.
This is due to the distinct power constralnts that arlse from
the interaction between the baseband and RF precoders.

By making the change of variables Fig,[k] = Q™ 1/ 2F’" [k],
where Q = FRFFRF and FBB[k] is the equlvalent baseband
precoder, we can rewrite the optimization problem as

arg max log,
Fplk]

1 s .
Iy, + —HyIKIQ™ Ky kI, k1"

XQil/zHZlf[k]H

ot Tr(F (K], K] )5Pg; (60)
The equivalent optimization problem is now transformed into
a MIMO precoder design problem with the objective of
maximizing mutual information with the effective channel
matrix HJJ [kK]Q~!/2. Consequently, the optimal equivalent
baseband precoder can be expressed as follows

Fiplk] = VEkIT (k] 61)
where V7'[k] is the set of right singular vectors corresponding
to the largest N singular values of the effective channel

matrix HZ}[k]Q_l/2 and T7[k] is the diagonal matrix

representing the water-filling power solution. Thus, the
digital baseband precoding matrix for the m™ subband is
given by the closed-form solution
_ —1/2ym m
kI = Q™' 2VIKITY K], (62)
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