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Abstract—In this work, we develop a theoretical transmission
model for optical wireless communication systems with receiver
nonlinearity. To provide a framework for analyzing transmission
rates, we derive lower and upper bounds on channel capacity
under average and peak optical power constraints in both single-
input single-output and multiple-input multiple-output systems
using entropy power inequalities and dual expression. Numerical
results verify the tightness of our derived capacity bounds and
highlight the significant relationship between channel capacity
and receiver nonlinearity.

Index Terms—Channel capacity, receiver nonlinearity, optical
wireless communication.

I. INTRODUCTION

The development of wireless communication focuses on
higher efficiency and reliability, thereby enabling seamless
connectivity and enhanced user experiences [1]. Optical wire-
less communications (OWC) is a unique alternative to tra-
ditional radio frequency (RF) communications. It offers ex-
panded spectrum resources, heightened security, and addi-
tional capabilities such as indoor positioning and naviga-
tion. Notably, OWC is recognized for its eco-friendliness
and energy efficiency [2], [3], positioning it as an emerging
pivotal technology in the communication landscape. Shannon
Theorem lays down a theoretical framework for determining
the maximum achievable data rate of a linear channel with a
specified bandwidth and noise power spectral density without
transmission errors [4]. However, despite the theoretical results
available for RF communications, the extension to OWC needs
further endeavor. The discrepancy stems from the unique
attributes of OWC, including its dual role in communication
and illumination, specific modulation and detection needs, and
a different occupied spectral domain and modulation scheme
from RF communication. Moreover, in wireless RF commu-
nication systems, the power amplifiers at the RF transmitter
introduce nonlinear distortion, especially when operating near
the maximum power, leading to saturation. However, in OWC,
the nonlinearities are most significant at the receiver side,
where photodetectors (such as photodiodes or avalanche pho-
todiodes (APDs)) can exhibit nonlinear behavior under high
optical power levels, leading to saturation and signal distortion
during the optical-to-electrical conversion.
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Additionally, there are specific safety standards that OWC
must adhere to, including avoiding excessive optical intensity
to prevent harm to the eyes and skin.

Given the luminous capability of light-emitting diode (LED)
and laser diode (LD), there is also a maximum allowable
optical intensity. A range of studies has delved into the
capacity of discrete [5]—[8] and continuous-time Poisson chan-
nels [9]-[11]. Furthermore, Gaussian model often allows for
simpler analysis and mathematical calculations compared to
the Poisson model. The capacity of Gaussian model with
input-dependent noise has been studied in [12]-[14]. More-
over, other studies have specifically targeted multiple-input
multiple-output (MIMO) systems [15], [16].

The nonlinearity, primarily stemming from hardware im-
perfections in optical sources, photodetectors, and auxiliary
electronic circuits, can induce extra distortion. These im-
perfections can lead to various issues including harmonic
generation, saturable absorption, self-phase modulation, in-
termodulation distortion, quantization discrepancies and clip-
ping aberrations. From the perspective of the communications
field, such nonlinearity detrimentally impact the bit error
rate (BER), degrading not only the primary system but also
neighboring systems within the spectral range. To evaluate the
impact of nonlinearity on the performance of a communication
system, it is essential to conduct comprehensive modeling
and analysis. This includes mathematical representations of
the nonlinearities, simulations, and empirical tests. Numerous
studies aim to investigate the performance issues associated
with nonlinearity, addressing challenges such as out-of-band
radiation and envelope limiting [17]-[19]. These works also
emphasize the importance of preventing signals from operating
in a device nonlinear region by avoiding significant pow-
er fluctuations. For MIMO systems, work [20] investigated
nonlinear amplitude distortion, deriving an accurate upper
bound on the BER for zero-forcing receivers with quadrature
amplitude modulation amid channel estimation error. The
lower and upper bounds for fading MIMO channel based
on a general transmission model have been studied in [21].
In multicarrier systems, the varied amplitudes and phases of
individual subcarriers result in larger nonlinear distortions.
Such variations can lead to phenomena like intermodulation
products, spectral regrowth and other nonlinear effects. Several
studies have delved into the potential of multicarrier systems
affected by transmitter clipping [22] and the capacity of
orthogonal frequency division multiplexing (OFDM) channels
under high peak-to-average power ratios [23], [24]. To combat
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the distortions induced by nonlinearity, technologies such as
pre-distortion, digital signal processing, and adaptive power
control have been developed [25], [26].

Despite existing research, one area that remains relatively
unexplored is the receiver nonlinearity in OWC systems,
especially under high levels of background radiation or signal
strength. In addition, the lack of a comprehensive analytical
framework for nonlinear systems complicates the assessment
of nonlinearity impact on channel capacity.

In this work, we investigate the capacity bounds for OWC
with non-monotonic receiver nonlinearity. Taking into account
the channel state, nonlinear function and thermal noise, we
develop a theoretical transmission model for OWC with re-
ceiver nonlinearity. To provide a framework for analyzing
the transmission rate, we derive lower and upper bounds
on the channel capacity under average power constraint and
peak power constraint in single-input single-output (SISO)
and MIMO system, using entropy power inequality (EPI) and
well-designed dual expressions. We derive these bounds under
the assumption that the channel matrix is perfectly known
at the transmitter. To evaluate the capacity reduction due
to nonlinearity in a practical scenarios, we consider several
representative nonlinear models in OWC. Numerical results
demonstrate the tightness of the derived capacity bounds and
highlight the significant relationship between channel capacity
and receiver nonlinearity. These comparisons provide deeper
insights into how nonlinearity at the receiver affects the overall
system performance at high power levels.

The paper is organized as follows. The nonlinear receiver
OWC system model is described in Section II. Sections III
and IV derive the lower and upper capacity bounds for SISO
and MIMO systems, respectively. Section V provides numer-
ical results of lower and upper bounds for several nonlinear
models. Finally, Section VI concludes this work.

II. CHANNEL MODEL

The photodetector, such as photodiode, APD, and single-
photon avalanche diode, as well as analog-to-digital convert-
ers (ADCs) and low-noise amplifier (LNA), typically exhibit

Background|*+Hjr+
radiation

nonlinearity [27], [28]. From the communication perspective,
nonlinearity effects lead to performance degradation, affect-
ing not only the system itself but also neighboring systems
operating within the same contaminated spectral range. Such
nonlinear relationship may be non-monotonic [29]-[32].

As illustrated in Fig. 1(a), we consider an OWC system
with intensity-modulation and direct-detection (IM/DD). At
the transmitter, the driving circuit drives the light source with
an electrical signal to emit an optical signal. The receiver-
side front-end photodetector converts the detected optical
signal into an electrical signal which is fed into the backend
processing circuit for data recovery.

Figure 1(b) shows the experimental setup of an OWC
system. The transmitter-side nonlinearity is caused by devices
such as high-power amplifier, LNA, or LED. Assume that the
transmitter has accurate knowledge of its own nonlinearity
characteristics. Figure 1(c) shows the nonlinear relationship
between the incident optical power and the output of the
APD. Consider a memoryless nonlinear receiver system char-
acterized by nonlinear function y = ¢ (x). Assume that the
mapping y = ¢ (x) is not necessarily one-to-one, and is a
Borel function, i.e., for any y, set {¢ (z) < y} consists of
the union and intersection of a countable number of intervals.
Such assumption preserves the measurable properties of signal.
Moreover, assume that the probability of {¢ (z) = +oo} is
Zero.

The general transmission model for a nonlinear receiver is
given by
R(t) =¢(H ()X (1) +n(t), (D)

where X (t) and R (t) are the transmitted signal and received
signal, respectively; H (t) denotes the channel link gain; ¢ (-)
denotes the memoryless time-invariant nonlinearity function,
and n (t) denotes the zero-mean Gaussian noise with variance
o2. Based on Gaussian assumption, we can effectively obtain
tractable forms of the upper and lower bounds to evaluate
capacity, which would otherwise be difficult or impossible to
derive analytically with more complicated noise models. Note
that the nonlinearity at the receiver is predominantly triggered

i
Channel :,t Detector

circuitry

i [Front-end N
: (%)

(b)

Fig. 1.

APD output (mV)

0 2 4 6 8 10
Optical power (mW)
(©)

(a) A representative OWC system. (b) The experimental setup for OWC system. (c) The APD output versus incident optical power.
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by the high-power signal, while the effect of noise is relatively
small. The nonlinear function ¢ (-) is illustrated in Fig. 2. For
typical physical devices, the “flat” region generally occurs
in the saturation region when the input power is too high.
For example, when the nonlinear function is a hard clipping
function, all values of the received signal exceeding the hard
clipping threshold will be limited to the threshold.
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Fig. 2. Nonlinearity “input-output” function in receiver.

Here, the independent variable Z is constrained to the range
[0, 4], where © = HA. The function ¢ (Z) for Z € [0, y] is
constrained to the range [0, a].

We consider the following average and peak optical power
constraints,
Ex [X] <€, 2

0<X <4, 3)

where £ and A denote the allowed average power limit and
allowed peak power limit, respectively. By using the “less than
or equal to” constraint in Eq. (2), we avoid that the system is
forced to operate at full power. The ratio between £ and A is
defined as

&

A

=—, 0<e<l. 4
£= € “)
The capacity with average and peak optical power constraints
is denoted as C' (4, E).

Under the constraints in Egs. (3) and (2), this work analyzes
the upper and lower bounds on the channel capacity for
nonlinear receiver OWC systems.

III. CAPACITY BOUND OF THE NONLINEAR SISO SYSTEM

A. Lower Bound for SISO System

The capacity, as the maximum mutual information between
input and output signals over all input distributions, can be
expressed as

C =max I (X;R) = max [h(R) — h(R|X)]

fx(z) fx(@) 5)
:Jrcnz(ix)h(gb(HX)Jrn) —h(n).

where h(X) = — [*_ fx(z)In fx(z)dz, and fx (z) denotes
the probability density function (PDF) of X. From Eq. (5), a

lower bound can be derived as

C’z;nz(zx)h(gb(HX)—Fn)—h(n) (62)
x T
> %ln |:e2h(¢>(HX)) =+ e?h(n)i| _ h(n) (6b)
L[, e )
_2n{+ 2meo? ] (6e)

where the inequality in Eq. (6b) follows from EPL

Define new random variable Y = ¢ (HX). The PDF
fy (y) of Y can be obtained as follows. Solve the equation
y = ¢ (Hzx) under condition H = hy; (where subscript “11”
indicates SISO) and Y = y. Define x; as the ¢-th real root of
the equation y = ¢ (hq12), i.e.,

y=¢(hniz1)=---=¢(hnz;))=---,y€0,0], @

x17 ...

We divide the nonlinear function into smaller intervals of
x, where the nonlinear function within each interval of x is
monotonous, as illustrated in Fig. 2. For values of y within

each where ¢(hq12) is one-to-one, the inverse function can be
defined as

v =21 (y), i =xi (y), - ©)
The PDF of Y can be expressed as [33]
Iy (y)
- Jxl@) P - 4G .
¢ (haz1)l ], —o, () 9" (h11%3)] |, —s )
P(y)
x ()
(10)
; ¢’ (h11;)]
;=2 (y)

where ¢’ (hq12) is the derivative of ¢ (hy;2) with respect to
z; p(@)],—q(,) denotes that p(x) is first evaluated and then
x is substituted with ¢ (z). If Eq. (7) has no real roots for
given y and hq1, then fy (y) = 0. Define a function v (y) to
represent the number of real roots x; for a given y.

Then, the differential entropy of Y, denoted as h (y), is
provided by Eq. (11).

Applying Jensen’s inequality to convex function « (u) =
ulnu with ©>0, we have
1i <1i (u;), for all > 0. (12)
El=) u | <= k(w), Uy, Usg, -+, > 0.
i i v

) _ ) Fx ()
Setting n = ¢ (y) and u; = W#)\

Eq. (11) is lower bounded by Eq. (13).

in Eq. (12),

Noting that y = ¢ (h112), the substitution is introduced to
simplify the expression, and Jacobian determinant is calculated
to eliminate the denominators in each term. Additionally, the
logarithmic terms inside In(-) are decomposed into two parts
to facilitate the application of EPI. As a result, Eq. (11) can
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4
B (X)) = h(Y) = = [ f ()l fy () dy
0
| fx (@) fx(@) fx (1) fx (@)
=— —_— 4. +.|ln| ———~— LA _|_...dy
/0 lW (h11@1)] |4, =0, (o) [¢/ (ha1:)] wi=ai(y) 19" (h11@1)] |, =, () 9" (hu1@i)| |~ (o)
S B el VA dy.
/0 ; |¢" (ha1)] Z ¢ ( hux Y
- =2 (y) wi:wi(y)
(1D
C fx () v () fx (xl)} [ fx (@) v (y) fx (%‘)}
hYZ—/ { In +o In +---d
== 9 a0 Ol e @ Gzl 18 el iy T
(13)
x (zi) YY) fx (%)
y ln ’ dy.
|¢5 hllxz ¢ (h112;)| zi=ai(y)
be simplified to B. Upper Bound for SISO System
A .
fx (z) An upper bound on the OWC channel capacity can be
- e @ oo may ¢ m a8
(14
C < max Ex [D (Prix (rlz) VR (r))]. (23
x (x
A tight lower bound is determined by the input distribution
R|X(7"\I)

that maximizes the right-hand side of Eq. (14), subject to D (Pgjx (r|z) [Vr(r)) = /PR‘X(T‘I)I
the average and peak optical power constraints. The related r(r) (24)

optimization problem is formulated as where Vg () is any choice of “test” density on the output

fx (x) signal space. To obtain a relatively tight upper bound close to
g{laf) - / fx( {1117/) (¢ (h112)) +1n ¢ (h112)] dz the actual channel capacity, delicate consideration of Vg (r)
(15) 1is required. We select Vg (r) as Eq. (25) shown in Fig. 3.
st 2 fx (2) de =1, (16)
A Ve(r)
fo rfx (z)dr <€, 17)
1=r
fx (x) 2 0. (18) -
According [34, Theorem 12.1.1], the optimal form of fx (z) :
is given by N !
fx (@) = ¢ (h112)] ertroz—1=In(d(hi12)) (19) :
2 | 2
where A; > 0 and A2 > 0 are chosen to satisfy Eqs. (16) and 2 12

(17). 0 o p

Substituting Eq. (19) into Eq. (14), we have Fig. 3. Test density Vi (r) for SISO OWC.

7,2
/ Fx (@) O+ Aoz — Dz (20) ot r<0
— (A +1-XEx [X)]), (21 Vg (r) = e 0<r<a , (25
where Ex [X] is the expectation of X. Let A} and \j denote P o~ (e r>a
the values of \; and A\ that maximize Eq. (21). Then, the ma
lower bound is given by where p € [0,1] is the parameter to be optimized. Vg (r) is

composed of two scaled distributions: a uniform distribution
- (22) over the interval (0,a] and truncated Gaussian distributions
2mea over the intervals (—o0,0] and («, 00).

2(—AfH1-A3Ex[X])

C(A,E) >

1+

M\»—t
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For the nonlinear receiver system described by Eq. (1),
conditional PDF Pgx (7 |z ) can be expressed as
1 [r=o(hyy2))?

Prix (rla) = 2ot (26)

Substituting Egs. (26) and (25) into the relative entropy
D (Pgyx (r|z) |V (r)), we have the following result.

Theorem 1 Based on Egs. (25) and (26), Eq. (24) is upper
bounded by

1 ap
D (P rle)||Vr(r)) <In-+9 In ———,
(Prx () [V (1)) <1040 ()=
o —
ﬂ(y)z@(—g) —Q( y) 27)
g g
where y = ¢ (hi12), and
LIRSS 28
= [ 2 .
QW= [ T 8)
Proof: Please refer to Appendix A. ]
The upper bound in Eq. (23) can be rewritten as
1 ap
C<maxEx [In—+7 hipz)ln ————— | .
fx(;() * { P (@ (hn)) V2meo (1 — p) -
(29)

The next step is to solve the optimization problem on the
right-hand side of Eq. (29), subject to the non-negativity,
average optical power, and peak optical power constraints in
Egs. (15)-(17).

Letting y = ¢ (h11), we have

Ex H 9@ () In %:fl—p)]

ap

V2rea (1-p)

The optimization problem in the right-hand side of Eq. (29)
is formulated as

=Ey {ln; + 9 (y)In ] . (30)

max Ey {m; +9(y)In m:ﬁ_p)] 31

st [0 fy (y)dy =1, (32)
5 wfy )y < max [0 (hia) fx (0)dr, 33)
f(y)=0. (34)

Let Fy = max J2 ¢ (hiz) fx (z)dz in Eq. (33). For

notational simplicity, define the function T (p,y) as
ap

n———.

V2meo (1 — p)

When y € [0,a], the second derivative of ¥ (y) can be
expressed as

1
T(p.y)=In +9(y)! (35)

8219 1 (y—a)? y?
= —— |e 202 — o) —e 202 < 0. 36
6y2 \/%0'3 (y ) Yy (36)

Note that for all y € [0, «], the second derivative of 9 (y) is
non-positive, and thus ¥ (y) is concave. Then, we have

| 5o <o (/0 Jr ) ydy> < maxd (y).
37

From the Eqgs. (35) and (37), it is observed that when

ap :
In Voreo(p) > 0, the second term of T (p,y) is concave

with respect to y, and we have

¢* =min{E},a/2}. (39)

When In .ﬁw < 0, the second term of T (p,y) is
convex with respect to y, and we have

max By [T (py)] <T(p,a). (40)

vy

The next step is to minimize the right-hand sides of E-
gs. (38) and (40) through optimizing p, to derive the upper
bound on the SISO system. Note that for p € [0,1], the
second derivative of T' (p,y) is non-positive, and thus T (p, y)
is convex with respect to p. The minimum value of T (p,y)
occurs when p = 1 —9 (y). Note that 1 — ¢ () > 1 — 9 (¢*),
we have the following result.

Case 1 If
" V2meo
1-9( )>a+\/27rea’ @)
then
C(A,8)<T(1-9(¢7),¢"). 42)
Case 2 If
19 (a) < Y20 43)
a+ v 2meo
then
CAELKT1-9(a),a). (44)
Case 3 If
V2reo
1—- * —_— <1 4
19(C)<a+ Twea< (o), (45)
then
C(AE) <min{T(1-9(¢"),¢"), T(1-9(a),a)}.
(46)
Case 4 If
« __ V2meo _ V2meo
O = T e O = o e @7
then
C(A,E) <In (1+ a). (48)
2meo
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IV. CAPACITY BOUND OF THE NONLINEAR MIMO
SYSTEM

A. Generalized Lower Bound to M x M MIMO System

According to Eq. (1), the transmission model of an M x M
MIMO system can be written as

R—®(HX)+ N, (49)
where X = [X1, X5, -+, X ] and R = [Ry, Ra, -+ , Ru/]
denote the transmitted and received vectors, respectively;

H e Rf *M" denotes the channel matrix with each element
being the link gain of the corresponding transmission path;
N ~ N(0,0°T) denotes the noise vector. The MIMO channel
capacity is lower bounded by

[ et h(@(HX»]
1+ —F———

M
C>—In

5 (50)

2meo?

In commercial communication systems, the receiver often
consists of identical units. Thus, we assume that all receivers
exhibit the same non-linear characteristics. Considering an
M x M MIMO system, assume that each receiver nonlinear
characteristics take the form as described in Section.Il. Define
the vectors Y = [Y1,Ys, - , Yy | and Z = [Z1, 25, -+ , Z o]
such that Y = ® (HX) and Z = HX. Given H = h and
Y =y, we have

y=®(z) = (ha), (51)

where y; € [0,,],i=1,2,--- , M.

For a given y and h, Eq. (51) may have multiple real solu-
tions. These are denoted as x1, xo, - - -, x;, - --. Specifically,
the i-th real solution can be described as

?(2),_p, =9, (52)

For M-dimensional case, 1 (y) is defined as the number of
real solutions that satisfy Eq. (51) for a given y and h.

Based on the Jacobian transformation, the joint PDF of Y7,
Yo, -+, Yu, fy (y), can be expressed as

w(w

Z z)l

where J(x;) represents the Jacobian determinant of x;. If
Eq. (51) has no real solutions for given y and h, then the
joint PDF fy (y) = 0.

Based on Eq. (53), the differential entropy h(Y) of
Y for a given h is expressed as Eq. (54), where o =
[040, iy ,Oé]w].

Letting u; =

; (53)

zi=x;(y)

YY) fx (x:)
bound for Eq. (54) is given by

/a W {fx (), ¥ () fx <wi>} ’

in Eq. (12), a lower

dy.
Tl Tl
(55)
By employing the substitution method ® (hx) = y, E-
g. (55) can be simplified as Eq. (56).
A
fx (z)
— fx (x [lm/) y)+In de. (56)
f, pxter e vz

Assuming that each transmitter is discretely placed, each
transmitter has its own independent power supply and driving
circuitry to prevent additional transmitter-side nonlinearities,
positioned independently to reduce subchannel correlation
and ensuring that the channel matrix maintains full rank.
Each LED must comply with the non-negative constraint,
the average power constraint, and the peak power constraint,
which are given as follows,

12 fx (x)da = 1, (57)
[A 2 fx (@)de < €,i=1,2,--- , M, (58)
fx (x) 20 (59)

Since Eq. (50) holds for all fx (x) that satisfy Eqs. (57)-
(59), a tight lower bound can be obtained by selecting an
appropriate fx (x) that maximizes the right-hand side of
Eq. (56) while meeting the aforementioned constraints. For-
mulating it as a standard optimization problem, similar to the
SISO system, the optimal distribution fx (x) can be expressed
as M
>\1+i§1 Xig12;—1—(y)

Ix (@) =|J ()| e (60)
Thus,
M
h(Y)>= M +1-— Z Ait1Ex [X], (61)
i=1
where A
Ex [X] :/ x;fx (x)dx. (62)
0
Let A7, A3, ---, A7, denote the values of A1, Ag, ---,

M
Ait1 that maximize —A\; + 1 — > A\i1Ex [X;]. Therefore,

i=1
the lower bound on the M x M MIMO system is given by

M
# (B meixi)

M
C(4,6) > 145 . (63)

2meo?

B. Generalized Upper Bound to M x M MIMO System

For the transmit vector X = [X7,---, X] and the receive

vector R = [Ry,--- , Ry|, when h is known, the conditional
PDF Pg|x (r|x) is given by
1 _lr=2(ha)|?
Prix (rlx) = @ Q)M e 207 (64)
To“) 2

Referring to Eq. (23), the upper bound on the M x M MIMO
system is given by

C < max Ex [D (Pryx (r]@) [Ve ()] ©65)
D (Prgx (r ) [Via(r)) = [ Prx (r ) 1 2
(66)

We define the index set S = {1,2,3,....,
index sets Si, Sa, ---, Sy, where

Si:{(817827"' )

M} and the sub-

Si)|81<"' ,87;65}, (67)

§iy 51, "

Authorized licensed use limited to: HEFEI UNIVERSITY OF TECHNOLOGY. Downloaded on May 15,2025 at 03:27:25 UTC from |IEEE Xplore. Restrictions apply.
© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Wireless Communications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TWC.2025.3559879

P(y) f

X (wZ)
|J ()]

i=1

z;=x;(y

»(y) Fx (@)
) In ; Tl dy. (54)

)| zi=z;(y)

where S; has a total of C%, elements. We define S; (j) to be
the jth element in the set .S;, Sﬁto be the complement of

S; () with respect to .S, that is, S; () contains all the elements
that are in S but not in S; (), S;(J, k) to be the kth element in
Si(7) and s, () = (rs, (1) 75.G,2) T8 (Gim))> A8, () =

as, (j,1), 0S,.(5,2)> " * S, (j,n) )» Tespectively. Given the M-
dimensional amplitude constraint as defined in Eq. (3), we
have selected a test density Vg (r) as Eq. (68).

In Eq. (68) po, p1, > pm—1 € [0,1] are to be opti-
mized. Similarly, the test density is uniform in the closed
area {rg|rs € [0, as]} and is a “split and scaled” Gaussian
distribution in area {7g, ;)| s, () € [0,as,(;)] }. Assume
that M = 2, the test density in R1{OR> plane is shown in
Fig. 4.

Fig. 4. Test density Vg () for 2x2 MIMO OWC.

Substituting Egs. (64) and (68) into Eq. (66), we have the
following result.

Theorem 2 For Egs. (64) and (68), Eq. (66) is upper bounded
by

D (Prix (r|z) |[Vr(r))
< T(p()v ava(b(]hlw),"' a¢(th))a
where h; = [hi1, hia, -+ , hing] is the ith row of channel ma-

trix h, and T (p07 Ty PM ¢ (]hlw) y T ’¢ (Ith)) is deﬁned
by Egq. (70).

(69)

Proof: Please refer to Appendix B. ]
After scaling, the problem of finding the upper bound
of channel capacity equivalent to maximizing the right-hand
side of Eq. (69) through the selection of fx (x), under the
constraints similar to Egs. (57)-(59).
Formulate a new optimization problem as an upper bound

to the original optimization problem. The new optimization
problem is defined as

st [o Sy (y)dy =1, (72)
IS vify (W)dy < By ,i=1,2,-- M, (73)
fy (y) =0. (74)

The assertion that the optimal value of the new optimization
problem is an upper bound to the optimal value of the original
problem has been discussed in Section III-B and is omitted
here for brevity.

Since ¥ (v, y) is a concave function with respect to y, we
have

By [Q(ai, 9:)] < Q (ai, By [Yi]) < max Q (ai, yi) -

Minimizing the upper bounds through optimizing pg, p1, - - -,
pum can yield relatively tight upper bounds. The computation
of these function maximums and minimums can be conducted
through numerical simulations on a computer.

(75)

V. SIMULATION RESULTS AND DISCUSSION

This section conduct a numerical analysis of the upper and
lower bounds of channel capacity for OWC with nonlinear
receiver. Given the diversity in the performance forms of the
“input-output” nonlinear functions of receivers, this section
outlines several common nonlinear functions and assumes a
piecewise form of a nonlinear function. Based on the simula-
tion results, this section discusses the relationship among the
upper and lower bounds and the forms of nonlinear functions,
considering factors such as average power constraints, peak
power constraints, and link gain. We consider four kinds of
nonlinear receiver functions. The first is the nonlinear hard
clipping function, typically caused by the non-ideal character-
istics of ADCs and APDs, given by

¢(Z):{ 2 oiz<ﬁ

B A<z 7o

At this case, ¥(8) = co.

The second is the nonlinear soft clipping function, usually
due to the non-ideal characteristics of power amplifiers, is
given by

Bz

(1 4 22k)7F
where [ represents the clipping threshold, and k& is a model
parameter.

Another nonlinear receiver function is described by a poly-
nomial approximation model, typically due to the non-ideal

¢(2) = : (7
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M—1
1— > pw
11%;0 {rs|rs € 0,as]}
Vr(r) = L i -
) _ H|’”Snu>*°‘sn(a‘>é2 —=5, )/ { | € [0 ]}
“n 7:1 (& 20 rsn j rSn j 7as” j
(2mo2) M2 kl;ll s, (k) O N ’ !
M
1 " I o
T (pO» 5 PM (b (]hlw) g 7¢ (]hMCE)) = _5 In (271—6)”[ |K‘ + Hﬁ (Cki,yi) In jiM_l
i=1 1— 3 e
k=0
m (27T60'2) o [[ «Ch;
M—1 Cyy 1€ Sm (n) -
XS T ot L= 0ol ———
m=0 n=1 | pESm(n) 4€Sm (n) ’
o —
ﬁ(a,y)—Q(—)—Q< 0y>' (70)

characteristics of LNAs, given by
b (2) = Prz + Boz® + P32 + Baz* +-- -,

where 3; denotes the gain at the ith order (: =1, 2, 3, --+),
with 81 known as the linear gain.

The last nonlinear receiver function considers the complex
form of the nonlinear function and opts for a piecewise
approximation, given by

(78)

(79)

By employing polynomial and piecewise approximations,
we ensure that our model can capture a wide variety of nonlin-
ear behaviors in practical systems. Although these two types
of functions may not encompass all possible nonlinearities,
they offer a high degree of generality and flexibility. This
approach allows us to demonstrate the robustness and broad
applicability of our analysis, which can be adapted to many
real-world communication scenarios.

A. SISO System Simulation Results

Figure 5 shows the relationship between the upper and lower
bounds of the channel capacity of a SISO OWC system with
linear receiver (¢(z) = z) and the peak power constraint A
under different noise intensities (h1; = 0.9, € = 0.9). If the
receiver “input-output” function is ideally linear, then as the
peak power constraint is relaxed, the upper and lower bounds
of the channel capacity increase linearly with log;, A, and the
gap between the upper and lower bounds also decreases.

Figure 6 shows the relationship between the upper and lower
bounds of the channel capacity for a SISO OWC system and
the peak power constraint A (hy; = 0.9, € = 0.9).

—8— LB 0=0.01
—a- UB 0=0.01
—— LB 0=0.05
—o-UB 0=0.05
—6— LB 0=0.1
—0-UB 0=0.1

(9]

N

[\S)

Channel capacity (nats/s/Hz)
W

0 50 5 10

Fig. 5. Upper and lower bounds with respect to A for SISO OWC system
with linear receiver (h11 = 0.9, € = 0.9).

The results indicate that the form of the receiver nonlinear
function significantly impacts the trend of channel capacity.
In Figs. 6(a), (b), and (d), as the allowable peak power
increases, the upper and lower bounds initially increase and
then becomes stable, which contrasts with the increases seen
in Fig. 5 as A increases for a linear receiver system. Addi-
tionally, increasing noise intensity degrades channel capacity
and system performance, but the turning points and trends of
the channel capacity bounds relative to A remain unchanged.
This suggests that the recommended peak power constraints
for the transmitted signal have consistency under different
noise conditions for a given nonlinear receiver system. This
conclusion is particularly important for outdoor OWC, where
the granular noise from APDs increases with the intensity of
background radiation. Moreover, the derivation of the upper
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Upper and lower bounds with respect to A for SISO OWC system with nonlinear receiver (h1; = 0.9, € = 0.9). (a) Hard clipping (8 = 1). (b)

Soft clipping (5 = 1, k = 1). (c) Polynomial approximation (31 = 1.5, 2 = —0.75, 53 = 0.1). (d) Piecewise approximation (y =1, 8 = 1).

and lower bounds of the channel capacity can guide the
design of encoding strategies and power control schemes
under different noise levels. Moreover, as the noise intensity
increases, the gap between the upper and lower bounds of
channel capacity also becomes larger since the entropy of
noise increases with noise intensity. Moreover, the difference
between the left and right terms in the Eq. (6) increases, thus
widening the gap between the lower bound of the channel
capacity and the actual channel capacity.

Figure 7 shows the gap between the upper and lower bounds
of the channel capacity of a SISO nonlinear receiver system
under different nonlinear receiver functions in relation to ¢
(h11 = 0.9, A = 3, 0 = 0.01). The results show that as &
decreases, the gap between the upper and lower bounds of
channel capacity also widens. This is due to the form of the
Vr(r) function, assuming the received signal distribution as
a combination of a uniform distribution and two symmetrical
single-sided truncated Gaussian distributions. This form im-
plicitly suggests that the impact of the peak power constraint
is greater compared to the average power constraint. When
€ is greater than 0.3, the gap between the upper and lower

0.8 . : :
—%— Hard clipping
0.7 —6— Soft clipping
Polynomial approximation
0.6 -8~ Piecewise approximation

Gap (nats/s/Hz)

oL— Maasassast

0.2 0.4

Fig. 7. The gap between the upper and lower bounds for SISO OWC system
with respect to € (h11 = 0.9, A =3, 0 = 0.01).
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bounds of channel capacity converges to a smaller value. This
indicates that the proposed channel capacity analysis method
performs better under weaker average power constraints.

Figure 8 illustrates the relationship between the upper and
lower bounds of the channel capacity of a SISO nonlinear
receiver system and the link gain h; under different nonlinear
functions. The results indicate that the changes in channel
capacity with increasing h1; are closely linked to the form of
the nonlinear function used. For the four nonlinear functions
simulated, at lower levels of hyi, increasing hi; effectively
enhances the channel capacity. However, as hi; continues to
rise, the changes in channel capacity reach a peak and then
stabilize. This suggests that if the receiver “input-output” func-
tion is nonlinear, reducing the distance between the transmitter
and receiver, or using lenses to increase the link gain between
the transmitter and receiver, may not necessarily result in
improvements in system channel capacity. This emphasizes the
importance of considering receiver nonlinearity in the design
of communication schemes.

B. 2x2 MIMO System

This section evaluates the impact of the nonlinear charac-
teristics of receivers on the upper and lower bounds of the
channel capacity of MIMO systems, and presents numerical
results for the channel capacity bounds under two potential
channel matrices, h; and hs

h1:[0.9 0 ]’M:[o.? 0.2]’ 50)
0 09 0.3 0.6

where h; is a diagonal matrix with equal diagonal elements,
indicating independent and equivalent signal paths between
the receiver and transmitter; while hs is a non-diagonal
matrix, corresponding to transmission signals from multiple
transmitters potentially traveling through multiple paths to
each receiver, leading to signal interference.

Figures 9(a) and (b) show the relationship between the upper
and lower bounds of the channel capacity of a 2x2 MIMO
linear receiver system under different noise intensities relative
to the peak power constraint A (¢ = 0.9). In comparison with
Fig. 5, if the receiver “input-output” function is linear, as the
allowable peak power increases, the upper and lower bounds
grow with log;, A, approaching a linear increase at higher
values of A.

Figures 10 and 11 show the relationship between the chan-
nel capacity and the peak power constraint A for a 2x2 MIMO
nonlinear receiver system under different channel matrices hy
and ho, under varying noise conditions.

Clearly, the form of the receiver’s nonlinear function signif-
icantly affects the trends in MIMO channel capacity. Compar-
ing Figs. 6 and 10, MIMO systems exhibit higher upper and
lower bounds of channel capacity than SISO systems. Observ-
ing the capacities under channel matrices h; and hs in Figs. 10
and 11, it is evident that when there is less interference among
the system’s transmitting antennas, the upper and lower bounds
derived from the channel capacity analysis method proposed in
this chapter are tighter and closer to the actual signal capacity.
Unlike SISO, the MIMO receiver processes signals from

multiple transmitters, enlarging the solution set and increasing
the difference between the pre- and post-approximation results.
Additionally, since each transmitter adheres to independent
power constraints, increasing the number of transmitters leads
to greater total transmission power, making it more likely
for receivers to operate in nonlinear regions, thus affecting
the accuracy of signal reception. This necessitates that OWC
system designs fully consider the dynamic range of the channel
and the nonlinear characteristics of receivers, guiding the
design of transmission signal codebooks based on this.

VI. CONCLUSION

In this work, we provide a generic OWC model incorpo-
rating receiver nonlinearity, background radiated noise, and
thermal noise. Our approach is firmly grounded in established
information-theoretic methods for capacity analysis. The lower
and upper bounds have been derived for SISO and MIMO
OWC systems using EPI and dual expression. Numerical
results verify the tightness of the derived capacity bounds and
highlight the significant relationship between channel capacity
and receiver nonlinearity. We believe that as more research
emerges on non-monotonic nonlinearities in OWC systems,
future experimental studies will likely be able to build on the
theoretical foundations established in this work.

APPENDIX A

Substituting Egs. (25) and (26) into Eq. (24), we obtain
Eq. (81). Via expanding each sub-expression, we have

= —% In (271’60’2) , (82)
_ 1o ( Y)Y (Y
2= [1 Q( 0)} n p +2w (U)’ (83)
«a
03:19(9)1H1_p, (84)
04:Q(a_y)ln 27reo+1w(a—y>’ (85)
o 1) 2 o

where @ (+) is the right tail function of the standard normal
distribution, defined as

REEEEE 86
= e 2 dzx,
Q (p) /p N (86)
and
@ (p) = p°Q(p) — =¥ (87)
V2T
It can be proven that w (p) < 0 holds for all p > 0.
Therefore, for Egs. (83) and (85), we have
2
ey < [1-@(—3)@1&, (88)
o p
— 2
c4<Q<O‘ y)ln mes. (89)
o p

Inserting the scaled results of these sub-expressions into
Eq. (81), it can be proven that Eq. (24) possesses the following
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APPENDIX B

Substituting Egs. (64) and (68) into Eq. (66), we have
D (Prx (r|z)|[VR(r))

> 1 r—®(he)||? 1
=—In (27T'€O'2) +/ — e - sl LI
—oo (2m02) 2 VRr(r)
oD

When r; € [0,a1], 72 € [0,a2], ---
have Eq. (92).

When rq, r9, ,- - -, 73y contain m elements that satisfy r; €
[0, a;], with their indices denoted as Sy, (m), we have Eq. (93).

Inserting the scaled-down sub-expressions into Eq. (91), it
can be easily demonstrated that Eq. (66) is upper bounded by
Eq. (70).

, rv € [0, an], we

[1]

[2]

[3]

[4]

[5]

[6]

[7]

REFERENCES

C.-X. Wang, J. Huang, H. Wang, X. Gao, X. You, and Y. Hao, “6G
wireless channel measurements and models: Trends and challenges,”
IEEE Vehicular Technology Magazine, vol. 15, no. 4, pp. 22-32, Oct.
2020.

D. Karunatilaka, F. Zafar, V. Kalavally, and R. Parthiban, “LED based
indoor visible light communications: State of the art,” IEEE Communi-
cations Surveys & Tutorials, vol. 17, no. 3, pp. 1649-1678, Mar. 2015.
S. Wu, H. Wang, and C.-H. Youn, “Visible light communications for 5G
wireless networking systems: From fixed to mobile communications,”
IEEE Network, vol. 28, no. 6, pp. 4145, Nov. 2014.

C. E. Shannon, “Channels with side information at the transmitter,” /BM
Journal of Research and Development, vol. 2, no. 4, pp. 289-293, Oct.
1958.

A. Lapidoth and S. M. Moser, “On the capacity of the discrete-time
Poisson channel,” IEEE Transactions on Information Theory, vol. 55,
no. 1, pp. 303-322, Dec. 2009.

J. Cao, S. Hranilovic, and J. Chen, “Capacity-achieving distributions
for the discrete-time Poisson channelpart I: General properties and
numerical techniques,” IEEE Transactions on Communications, vol. 62,
no. 1, pp. 194-202, Dec. 2014.

A. Lapidoth, J. H. Shapiro, V. Venkatesan, and L. Wang, “The discrete-

Authorized licensed use limited to: HEFEI UNIVERSITY OF TECHNOLOGY. Downloaded on May 15,2025 at 03:27:25 UTC from IEEE Xplore. Restrictions apply.
© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Wireless Communications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TWC.2025.3559879

—&— LB 0=0.01
6 I| =a—- UB 0=0.01
—— LB 0=0.05
5 [ —o— UB 0=0.05
—6— LB 0=0.1
—$- UB 0=0.1

Channel capacity (nats/s/Hz)

.:. ="

20 -5 -0 5 0 510
A (dB)
(a)

14 : : : : ,

Channel capacity (nats/s/Hz)

w S (o)} N -~

[\

Channel capacity (nats/s/Hz)

Channel capacity (nats/s/Hz)

(o)}

(9]

~

W

Fig. 10. Upper and lower bounds with respect to A for 2x2 MIMO OWC system with nonlinear receiver (b = h1, € = 0.9). (a) Hard clipping (8 = 1).
(b) Soft clipping (8 = 1, k = 1). (c) Polynomial approximation (81 = 1.5, B2 = —0.75, 83 = 0.1). (d) Piecewise approximation (y =1, 8 = 1).

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

time Poisson channel at low input powers,” IEEE Transactions on
Information Theory, vol. 57, no. 6, pp. 3260-3272, May 2011.

J. Cao, S. Hranilovic, and J. Chen, “Capacity and nonuniform signaling
for discrete-time Poisson channels,” Journal of Optical Communications
and Networking, vol. 5, no. 4, pp. 329-337, Apr. 2013.

S. Haas and J. Shapiro, “Capacity of wireless optical communications,”
IEEE Journal on Selected Areas in Communications, vol. 21, no. 8, pp.
1346-1357, Oct. 2003.

J. Pierce, E. Posner, and E. Rodemich, “The capacity of the photon
counting channel,” IEEE Transactions on Information Theory, vol. 27,
no. 1, pp. 61-77, Jan. 1981.

M. Davis, “Capacity and cutoff rate for Poisson-type channels,” IEEE
Transactions on Information Theory, vol. 26, no. 6, pp. 710-715, Nov.
1980.

A. Lapidoth, S. M. Moser, and M. A. Wigger, “On the capacity of
free-space optical intensity channels,” IEEE Transactions on Information
Theory, vol. 55, no. 10, pp. 4449-4461, Sept. 2009.

A. A. Farid and S. Hranilovic, “Capacity bounds for wireless optical
intensity channels with Gaussian noise,” IEEE Transactions on Infor-
mation Theory, vol. 56, no. 12, pp. 6066—-6077, Nov. 2010.

J.-B. Wang, Q.-S. Hu, J. Wang, M. Chen, and J.-Y. Wang, “Tight
bounds on channel capacity for dimmable visible light communications,”
Journal of Lightwave Technology, vol. 31, no. 23, pp. 3771-3779, Oct.
2013.

L. Li, S. M. Moser, L. Wang, and M. Wigger, “On the capacity of MIMO
optical wireless channels,” IEEE Transactions on Information Theory,
vol. 66, no. 9, pp. 5660-5682, Mar. 2020.

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

S. Yang, L. Li, and J. Wang, “High-SNR capacity of MIMO optical in-
tensity channels: A sphere-packing perspective,” IEEE Communications
Letters, vol. 26, no. 10, pp. 2302-2306, Jul. 2022.

D. Falconer, S. Ariyavisitakul, A. Benyamin-Seeyar, and B. Eidson,
“Frequency domain equalization for single-carrier broadband wireless
systems,” IEEE Communications Magazine, vol. 40, no. 4, pp. 58-66,
Apr. 2002.

H. E. Rowe, “Memoryless nonlinearities with gaussian inputs: Elemen-
tary results,” The Bell System Technical Journal, vol. 61, no. 7, pp.
1519-1525, Sept. 1982.

J. Boccuzzi, “Performance evaluation of non-linear transmit power
amplifiers for North American digital cellular portables,” IEEE Transac-
tions on Vehicular Technology, vol. 44, no. 2, pp. 220-228, May 1995.
E. K. S. Au and W. H. Mow, “Effect of non-linearity on the performance
of a MIMO zero-forcing receiver with channel estimation errors,” in
Proc. IEEE International Conference on Communications, 2007, pp.
4150-4155.

M. Sabbaghian, A. I. Sulyman, and V. Tarokh, “Analysis of the impact
of nonlinearity on the capacity of communication channels,” IEEE
Transactions on Information Theory, vol. 59, no. 11, pp. 7671-7683,
Aug. 2013.

P. Zillmann and G. Fettweis, “On the capacity of multicarrier transmis-
sion over nonlinear channels,” in Proc. IEEE 61st Vehicular Technology
Conference, 2005, pp. 1148-1152.

H. Gacanin and F. Adachi, “On capacity of OFDM/TDM using MMSE-
FDE in a nonlinear and frequency-selective fading channel,” in Proc.
14th Asia-Pacific Conference on Communications, 2008, pp. 1-5.

Authorized licensed use limited to: HEFEI UNIVERSITY OF TECHNOLOGY. Downloaded on May 15,2025 at 03:27:25 UTC from IEEE Xplore. Restrictions apply.
© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Wireless Communications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TWC.2025.3559879

13

~
3

—8— LB 0=0.01
—o— UB 0=0.01
—o— LB 0=0.05

(o)

(o)

/
51 —o- UB 0=0.05 2 ] 5
46— LB 0=0.1 v
41l —o- UB 0=0.1 ' 4

W
W

[\
[\8}

Channel capacity (nats/s/Hz)
Channel capacity (nats/s/Hz)

—_

20 <15 -10 -5 0 510 -20
A (dB)
(a)
14 . . . . ; 7 . . . . .

—_
[\
[o)

—_
o
(9]

o
o~

(@)}
W

N
S}

Channel capacity (nats/s/Hz)
Channel capacity (nats/s/Hz)

o

Fig. 11. Upper and lower bounds with respect to A for 2x2 MIMO OWC system with nonlinear receiver (h = ho, € = 0.9). (a) Hard clipping (8 = 1).
(b) Soft clipping (8 = 1, k = 1). (c) Polynomial approximation (81 = 1.5, B2 = —0.75, 83 = 0.1). (d) Piecewise approximation (y =1, 8 = 1).

1 _ = ¢<hm)>2
e 202

T ! {We

202

D (Pax (r|2) | Va(r)) :/:” 1 ((»] .

< 1 (r—g(ha))2 1 (r—s(he))? 0 1 (r—g(ha))? V2ro 2
= / ———e 202 In [ e 202 }dr +/ e 202 In e2s2 | dr
_ 2o 2o _ 2ro P
C1 co
1 (r—¢(hz))? _ (r=g¢(ha))? 2 (r— a>2
e 202 dr—i— 202 In 7me 202 |dr. (81)
V2ro V2 O’ P
c3 ca
M M
@ 1 lr—2(h)|2 -1:[1 Y M 1:11 i
/ ——me = I E—_ld’" =[0I —5— 92)
0 2 -
(2m0?) Pk =1 1- P
k=0 k=0

Authorized licensed use limited to: HEFEI UNIVERSITY OF TECHNOLOGY. Downloaded on May 15,2025 at 03:27:25 UTC from IEEE Xplore. Restrictions apply.
© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Wireless Communications. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/TWC.2025.3559879

M—n n
2 2 2 . n
1 _lr=2(ha)|? ( " ) 1}31 50 it 7sm ) =250 /2] =250 22|
— e 202 In e 202 dr
J (2mo?)® Pn
T'Sm (n) s, (n)
M—m
(2meq?) 2 I
€S (n)
< H U (ap; Yp) H [1 =19 (g, yq)] In P
m

PESm(n) 4€Sm(n)

[24]

[25]

[26]

[27]

[28]

[29]

(30]

[31]

[32]

[33]

F. Peng and W. E. Ryan, “On the capacity of clipped OFDM channels,”
in Proc. IEEE International Symposium on Information Theory, 2006,
pp. 1866-1870.

M. Valkama, A. Shahed hagh ghadam, L. Anttila, and M. Renfors,
“Advanced digital signal processing techniques for compensation of
nonlinear distortion in wideband multicarrier radio receivers,” IEEE
Transactions on Microwave Theory and Techniques, vol. 54, no. 6, pp.
2356-2366, Jun. 2006.

B. F. Beidas, R. I. Seshadri, and N. Becker, “Multicarrier successive
predistortion for nonlinear satellite systems,” IEEE Transactions on
Communications, vol. 63, no. 4, pp. 1373-1382, Feb. 2015.

T. Kiibarsepp, A. Haapalinna, P. Kérhd, and E. Ikonen, “Nonlinearity
measurements of silicon photodetectors,” Applied Optics, vol. 37, no. 13,
pp. 2716-2722, May 1998.

Y. Li, M. Safari, R. Henderson, and H. Haas, “Nonlinear distortion
in SPAD-based optical OFDM systems,” in Proc. IEEE Globecom
Workshops (GC Wkshps), 2015, pp. 1-6.

S. Huang, Y. Li, C. Chen, M. D. Soltani, R. Henderson, M. Safari,
and H. Haas, “Performance analysis of SPAD-based optical wireless
communication with OFDM,” Journal of Optical Communications and
Networking, vol. 15, no. 3, pp. 174-186, Feb. 2023.

A. Eisele, R. Henderson, B. Schmidtke, T. Funk, L. Grant, J. Richardson,
and W. Freude, “185 MHz count rate 139 dB dynamic range single-
photon avalanche diode with active quenching circuit in 130 nm CMOS
technology,” in Proc. International Image Sensor Workshop, 2011, pp.
278-280.

H. Zhang, X. Fan, and E. S. Sinencio, “A low-power, linearized, ultra-
wideband LNA design technique,” IEEE Journal of solid-state circuits,
vol. 44, no. 2, pp. 320-330, Jan. 2009.

S. Almonacil, F. Boitier, and P. Layec, “Performance model and design
rules for optical systems employing low-resolution DAC/ADC,” Journal
of Lightwave Technology, vol. 38, no. 11, pp. 3007-3014, Apr. 2020.
S. Papoulis, Probability, Random Variables and Stochastic Processes by

Athanasios.
[34] T. M. Cover,
1999.

Boston: McGraw-Hill, 2002.
Elements of Information Theory. John Wiley & Sons,

Authorized licensed use limited to: HEFEI UNIVERSITY OF TECHNOLOGY. Downloaded on May 15,2025 at 03:27:25 UTC from IEEE Xplore. Restrictions apply.

© 2025 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,
but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



