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Abstract—Recent developments in polymer microwave fiber
(PMF) have opened great opportunities for robust, low-cost, and
high-speed sub-terahertz (THz) communications. Noticing this
great potential, this paper addresses the problem of estimation
of the propagation distance of a sub-Thz signal along a
radio over fiber structure. Particularly, this paper considers a
novel cascaded structure that interconnects multiple radio units
(RUs) via fiber for applications in indoor scenarios. Herein,
we consider the cascaded effects of distortions introduced by
non-linear power amplifiers at the RUs, and the propagation
channel over the fiber is based on measurements obtained from
transmissions of sub-THz signals on high-density polyethylene
fibers. For the estimation of the propagation distance, non-
linear least-squares algorithms are proposed, and our simulation
results demonstrate that the proposed estimators present a good
performance on the propagation distance estimation even in the
presence of the cascaded effect of non-linear PAs.

Index Terms—Non-linear power amplifiers, propagation dis-
tance estimation, radio over fiber

I. INTRODUCTION

The ever-increasing demand for wireless connectivity
raises the necessity of pursuing the unexploited spectrum at
very high frequencies. The opportunities to use the abundance
of spectrum at the sub-terahertz (THz) frequency band have
attracted attention for the sixth generation (6G) wireless
communication systems [1f], [2]. Although there has been
abundant research on the performance of sub-THz wireless
communication systems [3]], [4], the implementation of sub-
THz wireless communication systems is still an open chal-
lenge [5]]. Considering the cost of sub-THz radio hardware
and the limited coverage [|6], a low-cost and dense deploy-
ment solution is desirable.

Recent developments in polymer microwave fiber (PMF)
have motivated the development of radio-over-fiber (ROF)
communications, which offer great opportunities for low-
cost implementations of sub-THz wireless systems [7]-[9].
Herein, we consider a ROF system with a cascaded structure,
operating at the sub-THz band, in which multiple components
are interconnected via low-cost PMFs and finally connected
to a central unit (CU). Fig. [l| illustrates the cascade ROF
system under consideration (the different variables will be
defined later). In this system, each user equipment (UE)
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Fig. 1: Signal model for the cascade ROF system

transmits sub-THz signals over the air. And the signals are
captured by densely deployed radio units (RUs) which are
equipped with an antenna, a power amplifier (PA), and other
components. Then, the signals propagate over the ROF in a
cascaded structure. Each RU in between the entry RU and
the CU acts as a repeater which amplifies the signals and
forwards them to the subsequent component, in a sequential
process, until reaching the CU. All signal processing is then
performed at the CU.

For energy efficiency (EE) purposes, the PA is allowed to
operate in the non-linear regime [10]. Therefore, in each stage
of the ROF system, the signals are distorted by the PA and by
a segment of dispersive PMF. The fiber itself is a linear time-
invariant system, whereas the amplifiers are non-linear. This
characteristic enables us to estimate the propagation distance
over the ROF by analyzing the way the signals are distorted
when they propagate over the ROF. Our proposed propagation
distance estimator could be a building block in a system for
positioning the UE, for example, to help find the closest RU
to the UE in the uplink (UL).

Contributions: The specific contributions of this paper are
(i) an analysis of the cascaded structure with non-linear PAs
and dispersive PMFs, and the formulation of a correspond-
ing UL signal model; (ii) a non-linear least-squares (NLS)
optimization framework for propagation distance estimation,
and (iii) numerical results (using measured PMF dispersion
characteristics and different values of non-linear factors)
demonstrate that the proposed estimators present a good
performance on the propagation distance estimation even in
the presence of the cascaded effect of non-linear PAs. To
the best of our knowledge, signal propagation over a ROF
with segments of dispersive PMFs and non-linear amplifiers
connected in cascade has not been studied before.
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Fig. 2: The deployment of ROF systems in an indoor scenario
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Fig. 3: System model for UL communication between the
UE1 and the ROF1

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model of a ROF System

Consider an indoor scenario as illustrated in Fig. [2| where
two UEs are served by two ROF systems, each with M
components interconnected by PMFs. The UE1 transmits data
to ROF1 through the UL communication, where all RUs are
active. The UE2 receives data from ROF2 through the DL
communication, where the CU configures the RUs via the
fiber according to the estimate of the UE2 position. Since
the propagation range of the sub-THz wireless connection
is extremely limited, we consider UE is only served by the
nearest RU of the nearest ROF.

It is considered that there is a clock offset and phase offset
between the UEs and the ROF systems. Particularly, Fig.
illustrates the UL communication between UE1 and ROF1,
where UE1 gets access through the unknown rth RU. The
objective is to locate the nearest RU to the UE, i.e. estimating
r, which leads to a good approximation of the UE location.
In the following, we detail the two setups for the RUs.

B. RUs with PAs Operating in the Linear Regime

Under this scenario, the RUs are equipped with PAs
amplifying the input signals without any non-linearity. The
signal model considers the channel over the fiber and the
wireless channel from the UE to the RU. For a unit-length

fiber segment, we model its impulse response via L taps with
amplitudes ([/807 Bla o 7ﬁL—1]T):

L—1
hn =Y Bis(n—1), ¢!
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where n is the time index and J(-) is the delta function. Let
D be the unknown propagation distance which is associated
with an integer number r indicating the number of unit
lengths of the fiber that the signal has passed through, and can
be expressed as D = rdy, where dy denotes the unit length
of the fiber. Then, the impulse response can be expressed as

hp = hy % hy %+ % Ay, 2)
—_— —
r convolutions

where all factors in () are modeled as in (I). In the
frequency domain, we consider the frequency response for
a set of K discrete frequencies, f = [fo, -, fx_1]T. The
corresponding relation of (Z) in the frequency domain is
in the form of multiplication of frequency responses. Let
H = [Hy,---, Hx_1]" represent the frequency response of
a unit-length fiber. The frequency response of a unit-length
fiber at the kth frequency Hj, is the Fourier transform of its
impulse
N-1
Hy =) hye 920/, 3)

n=0

where T is the sampling time interval. Hence, the frequency
response of an r-units-long fiber, at the kth frequency, can
be expressed as

Hy = HyHy,--- Hy, = H. 4)
N——

7 multiplications

Considering and (@), we aim at estimating r of the
propagation of a signal within the ROF. For that purpose,
it is considered that the UE transmits a known sequence
of samples s = [sg, -+ ,5x_1]T € CEX! over K discrete
frequencies. Initially, the signals undergo the wireless channel
between the UE and the RU, which is unknown to the CU.
Due to the sparse nature of the sub-THz wireless channel,
only the line-of-sight components are considered in the signal
model. The input signal for the kth frequenc‘ at the ROF, a;,(co)

with () = [xéo), e ,q:gg)_l]T (see Fig. , can be written
as

) = Ae Iy 5)
where

e A is a complex value absorbing the unknown wireless
channel path gain, antenna gain, and the phase offset
between the UE and the ROF.



« 7 is the unknown propagation delay including the effects
of one-way wireless signal propagation and the clock
offset, which can be expressed as

d
=—+4b (6)
c

with d being the distance over the wireless channel, ¢
is the speed of light, and d; is the clock offset between
the UE and the ROH]

The output signal at the kth frequency of the rth RU as
x,(:) is given as

D Gx,(eo) + w,io). @)

In the rest of thls paper, G is the amplitude amplification
of a PA, and wk € CN(0,0?) is the kth AWGN noise
component at the (r — m)th RU.

After propagating through r» RUs along the ROF system,
the received signal with (") = [x[()r), . x%) LJT at the CU
can be written as

ac](;) = G H] Ae 2™ heT gy 4 w,(:*l). (8)

The unknown parameters to be estimated in this problem
are A,r, and 7, of which the parameters r and 7 lead to
a non-linear problem. We employ a non-linear least-squares
(NLS) algorithm to tackle this estimation problem. First, we
define the vector g € CK*1 as

g=G e 2morglsy ... eI IRATHY spe 7.
©))
The estimation objective can be written as:
72
A~ _ . (T) o 2
7| = min |z — Agl[%, (10)
A r,T,A
where ||.|| denotes the L? norm. Dropping irrelevant con-

stants, the estimation of the nuisance parameter A is a linear
estimation problem that the estimate is obtained as
- gHw(r)
= 1o
lgll?

where (-)® means the Hermitian transpose. After dropping
the dependency on A by considering A, we can rewrite the
objective as

7 .
~ | = min
T T

Therefore, after a two-dimensional grid search, the estimate
7 as well as the nuisance parameter, 7, can be obtained.

(1)

2

z — g(g'g) g2 (12)

IDistinguish the effects of d and &; is impossible because they have the
same influence on the signals, i.e. phase shift and delay. However, one can
rely on the effects of cascaded fibers and PAs to estimate r and 7 separately.

C. RUs with PAs Operating in the Non-linear Regime

In this section, we jointly consider the effects of non-linear
PAs and fiber dispersion. The effects of non-linear amplifiers
are characterized as a third-order polynomial by a factor A
[11], [12]. Again, the UE transmits a known sequence of
samples s = [sg, -+ ,5x_1]T over K discrete frequencies
to the ROF system. We model the input signal in the time
domain as

K-1
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The output of the entry RU can be written as

V) = G(x%o) Az 2O ) + w®

n

14
PA’s non-linearity

where w JecN (0,0?) is the nth AWGN noise component
at the rth RU. To express the output at the following RUs,
we define the function f(-) that combines the effects of the
channel dispersion and the non-linearity and can be written
as

2

z(M) Zﬁzx()ﬂw\ZBm Zﬂzxn .
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If f(-) takes a vector as input, it performs (I3]) element-wise.
The signal () would undergo (r — 1) RUs to reach the
CU. Consequently, the signal () would undergo the recur-
sive process 7 times. Let f"(x(!)) be the overall function,

which can be expressed as f"(x™M) = f(f(f(...(x™M)))).
—_—

T times
Therefore the received signal at the CU can be expressed
= fr ( 1)) +wD, Following the LS framework,
the Ob]CCthC function w.r.t. the unknown parameter A, r, and

T is given by
5 2
x) — fr (G (xslo) + Az ‘x%o)‘ )) H .

(16)
To reduce the complexity of the three-dimensional grid
search, we propose Algorithm [I} which is a coordinate
descent algorithm, to solve this problem.

= min
A,1,r

< D;>

ITII. SIMULATIONS AND RESULTS

In this section, we illustrate the performance obtained
by the proposed estimators. We use the measurements pre-
sented in [13], for a 1-meter PMF made out of high-
density polyethylene with a solid rectangular cross-section
in the D-band (110 GHz to 170 GHz). The measured data
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consists of channel characteristics at K discrete frequencies,
encompassing both magnitudes (o = [|Ho|, - - , |HK,1|]T)
and group delay. These measurements inherently include
several imperfections, such as noise, interference, and mea-
surement errors. Therefore, the Matlab built-in smoothdata
function was employed to average out these impairments as
shown in Figs. @] and [5] Subsequently, the phase response
¢ = [po, - ,dx_1]* was obtained by integrating the group
delay on the discrete frequencies. Then, the transfer function
can be expressed as

H = acoexp (jo), (17

where o represents the Hadamard product. This channel
corresponds to a spectrum with 1 GHz bandwidth centered
around 140 GHz, as illustrated in Fig. @

With PAs operating in both linear and non-linear regimes,
we simulate a ROF system comprising five RUs and one CU.
Between every two components, a PMF with the frequency
response as expressed in serves as the connection.
The UE transmits a known sequence of samples using a
quadrature phase shift keying (QPSK) waveform. The UE
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Fig. 6: Channel transfer function
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Fig. 7: Error rate of 7 # r in a ROF system

accesses the ROF system through the third RU. Monte Carlo
simulations were performed to demonstrate the performance
of the estimators in (12) and (T6). In this paper, the noise at
each stage is white over the whole bandwidth with variance
o? is 0dB.

From Fig.[6] the maximum magnitude attenuation in a one-
meter fiber is approximately 2.4 dB. Therefore, the amplifi-
cation factor G is set to 2.4dB. Monte Carlo simulations
were also performed with the distortion incurred by PAs

operating with two non-linear factors, i.e. \; = —24—7ejOQ,
and Ay = —2¢/%-2. The proposed grid search algorithm was

implemented in Matlab and the results are shown in Fig. [7]
The configurations of the antenna gain and the path loss in
the wireless channel were set to ensure the input amplitude
is in the certain regime (linear or non-linear) of the PAs. It
is observed that the error rate decreases with increased input
amplitude, which indicates that the proposed algorithm is able
to accurately estimate the propagation distance even when
PAs work in the non-linear regime. Through comparison
between the estimation accuracy with two non-linear factors,
one can observe an accuracy loss with a higher non-linear
factor.

IV. CONCLUSION

We considered a novel, low-cost, and easily deployable
sub-THz communication system implementation that com-



bines PMFs and PAs in a cascaded structure. An UL signal
model of this system was developed, both with and without
PA non-linearities. Based on this model, a NLS framework
was developed for the estimation of propagation distance
along the ROF of signals transmitted from a UE. The NLS
objective was minimized by using a combination of coor-
dinate descent and a grid search. Monte-Carlo simulations
were performed to assess the performance of the proposed
estimator. Results show that a good performance of the
propagation distance estimation can be attained under the
effects of cascaded dispersive fibers and non-linear PAs. Our
proposed algorithms show the feasibility of localizing UEs
in the proposed system and provide a starting point for the
development of high-resolution positioning schemes.

Future work can be conducted by considering the presence
of automatic gain control loop, which makes the gain of PAs
adaptive.
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