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Abstract

The diversity-multiplexing tradeoff (DMT) provides a fundamental performance
metric for different multiple-input multiple-output (MIMO) schemes in wireless
communications. In this paper, we explore the block fading optical wireless com-
munication (OWC) channels and characterize the DMT in the presence of both
optical peak- and average-power constraints. Three different fading distributions
are considered, which reflect different channel conditions. In each channel condi-
tion, we obtain the optimal DMT when the block length is sufficiently large, and we
also derive the lower and upper bounds of the DMT curve when the block length
is small. These results are dramatically different from the existing DMT results
in radio-frequency (RF) channels. These differences may be due to the fact that
the optical input signal is real and bounded, while its RF counterpart is usually
complex and unbounded.

Index terms — Peak- and average-power constraints, outage probability, aver-
age error probability, optical wireless communication, diversity-multiplexing trade-
off.

1 Introduction

As an important complement to conventional RF communication, OWC [1], [2] sig-
nificantly improves the rate performance and offers an ideal solution to the spectrum
scarcity in existing wireless communication systems. Recently it has been considered as
a promising technique in future 6G [3]-[5]. Most current OWC systems adopt the so-
called intensity-modulation and direct-detection (IM-DD) transmission scheme because
of its simplicity and low-cost deployment. In such a scheme, the transmitter modu-
lates the intensity of optical signals coming from light-emitting diodes (LEDs), and the
receiver measures incoming optical intensities by photodetectors [6], [7]. As a conse-
quence, transmit signals are proportional to optical intensities, and hence are real and
nonnegative, fundamentally different from their RF counterparts. Furthermore, consid-
ering safety reasons and hardware limitations, the peak and average optical powers of
transmitting signals typically have to be restricted.

The OWC channels are more sensitive to environment fluctuations than the tradi-
tional RF channels due to the IM-DD transmission scheme. Particularly in the medium-
and long-range OWC, the fluctuations caused by atmospheric turbulence degrade the
quality of the communication links severely. They change the temperature and pressure
of the atmosphere, and eventually lead to the refractive index variations of the path links
[8]-[10]. To combat the channel fading induced by atmospheric fluctuations in the OWC
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systems, the widely adopted MIMO technique plays a pivotal role [11]-[14]. It provides
many independent transmission paths available at the transmitting or receiving ends to
effectively alleviate the atmospheric turbulence path loss [15]. Another benefit provided
by utilizing MIMO techniques is the significant improvement on spectral efficiency when
compared with single-antenna systems [16].

In this paper, we investigate the OWC-MIMO system from a DMT perspective [17]-
[19]. The optimal DMT characterizes the maximal achievable diversity gain at a fixed
multiplexing gain, which provides a fundamental metric for comparison between different
MIMO transmission schemes, and has triggered extensive research, such as deriving the
optimal DMT curves in different channel models [20]—[22], designing various optimal
DMT-approaching coding schemes [23]-[25].

Most of the existing DMT results focus on the traditional RF systems [17]-[22],
among which Zheng and Tse presented the classic optimal tradeoff curve for Rayleigh
fading channels [17]. They showed that when the channel block length satisfies [ > lchT =
nt + nr — 1, the optimal DMT curve can be exactly characterized as

zr(r) = (nT —r)(nr — 1), (1)

where d5.(r) represents the maximum diversity gain achieved at the given multiplexing
gain r, and nT and ng represent the number of transmit and receive antennas, respec-
tively. Moreover, they proposed the bounds on DMT curve at the small block length
regime (I < I4T), if r <7y, with r; = ng — f%], the maximum diversity gain
is bounded by

dyp(r)
dyr(r)

otherwise the optimal DMT curve agrees with (1). This work established the theoretical
framework for the DMT characterizations, and many similar results in other channels,
such as Rician, Nakagami and log-normal channels are also obtained afterward [19], [21],
[26], [27].

Although there has been extensive research on the DMT in RF systems, few studies
tap into characterizing the optimal DMT for the OWC systems. Some recent results
have shown that many derivations in RF systems are not applicable for OWC systems
due to the unique IM-DD transmission scheme [27]-[29]. The existing work closely
related to ours was done by Jaiswal and Bhatnagar [28]. They considered the real-
valued requirements for the input, and then proposed that if the channel block length
satisfies [ > lgl]f =nr+ngr— 1, the optimal DMT curve for negative exponential channel
is given by

(nr —7)(nr —7), (2)

<
> —=l(r—r1)+ (nr —r1)(nr — 1), (3)

a(r) = 5 (r). (4)
Also, under a small block length, they found analogous DMT bounds as in (2), (3).
The one-half factor in (4) reflects the loss of half of the degree of freedom compared
with RF channels, which is due to the fact that optical inputs need to be real-valued.
However, as mentioned before, inputs in OWC channels represent optical intensities,
and hence their values must also be nonnegative. In fact, it is the nonnegativity of the
optical inputs that significantly complicates the analysis of performance limits in OWC
channels. Hence, directly applying half of the traditional RF MIMO capacity formula
to calculate diversity gain in OWC channels cannot be theoretically justified. Also,
the nonnegativity of optical inputs implies that the commonly used two-sided Gaussian
random codes in RF channels are no longer admissible in OWC channels. Furthermore,
due to the optical intensity inputs, the power constraints imposed on the inputs need
to be described differently. All the above issues indicate the existing DMT results in
RF channels cannot be directly extended here. Hence, how to characterize the optimal
DMT in practical OWC channels still remains an open problem.
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In this paper, we first investigate the optimal DMT by fully considering practical
optical input constraints in three different fading channels. We first restrict the optical
inputs to be real-valued and nonnegative. Also, a peak- and an average-power con-
straints are imposed on the inputs. Then we use negative exponential, gamma-gamma,
and log-normal distributions to model the channel with atmospheric turbulence fluctu-
ation from strong to weak intensities. For each channel condition, we establish optimal
DMT in different block length regimes. It turns out that our derived results are funda-
mentally different from the above existing results, which may more precisely reflect the
fundamental limits of practical OWC systems.

Specifically, the main contributions in this paper are as follows.

e Bounds on Instantaneous Capacity: By using a truncated exponential random
coding argument and further applying the generalized entropy power inequality
(GEPI) [30], we first derive a lower bound on instantaneous capacity. Then, an
upper bound is established by some algebraic manipulations on the asymptotic
capacity in [31, Theorem 21]. These bounds are closed-form and proved to be
optimal in terms of outage diversity gain.

e Ezxact Characterization of Outage Diversity Gain: With the above new instanta-
neous capacity bounds, we establish lower and upper bounds on outage diversity
gain in general fading channels. Applying these bounds into our considered chan-
nels, we precisely characterize the outage diversity gain.

e Error Probability Bounds on Truncated Exponential Random Coding: We propose
a truncated exponential random coding scheme, which helps to derive a new upper
bound on average error probability. Based on this bound, we derive a tight lower
bound on the optimal diversity gain in different fading channels.

o Characterization of Optimal DMT: We characterize the optimal DMT curves in
different block length regimes for considered channels. Specifically, if the block
length | > nt — ng + 1, the optimal diversity gain d*(r) can be characterized as

d*(r) = (np —nr + 1)(ngr — r). (5)

Otherwise under a small block length (I < nt —ng+ 1), the optimal diversity gain
can be upper- and lower-bounded by:

d*(r) < (nt —nr +1)(ng — 1), (6)
d*(r) > l(ng —r). (7)

See Theorems 7, 10, and 12 in detail.

The paper is organized as follows. We end the introduction with a few notational
conventions. Section 2 describes in detail the investigated channel model. In Section 3,
we present new upper and lower bounds on outage diversity gain. Section 4 character-
izes the average error probability with the truncated exponential random coding. The
optimal DMTs of negative exponential, gamma-gamma, and log-normal channels are
characterized in Sections 5, 6 and 7. Numerical examples are included in Section 8.
Most of the proofs are in the appendices.

Notation: Random variables and matrices are boldfaced, e.g., h and X, while their
realizations are typeset in h and X, respectively. X, denotes the jth column of matrix
X, and x;; or [X];; denotes the ith row and jth entry of X. Sets are typeset in a
special font, e.g., A. Differential Entropy is denoted by h(-), and mutual information by
I(:;+). |l |]x and || - ||[r denote the £4- and Frobenius-norm, respectively. log(-) denotes
the logarithm to the base of e. The expectation of a random variable is denoted by
E[], and variance by Var[-]. R™*™ (R'*") denotes real (nonnegative) valued set. We

denote x* = max{0, z}, and use symbol = to denote exponential equality, i.e., g(z) = z°

log g(x)

gz = b, and >, < are similarly defined.

indicates lim,_ o
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2 Channel Model

Consider a MIMO channel with n LEDs and ng photodetectors. The channel output
is given by!

Y =HX +Z, (8)

where X € R’frTXl denotes the channel input, with [ being the block length; where
Z ¢ R™*! denotes the channel noise, whose entries are independent and identically
distributed (i.i.d.) inside and across blocks; and where H € R *"T denotes the channel
matrix, and its entries remain constant inside one block, and i.i.d. across blocks.

The entry h;; in H represents the nonnegative and real-valued gain from jth transmit
antenna to ith receive antenna, and it depends on two factors: deterministic distance
attenuation and random atmospheric turbulence loss. Hence, h;; can be formulated as

hij = hgjhzrjv (9)

where hf-lj = e ¥%i represents the deterministic part with parameter v characterizing

the transmission environment and d;; being the transmission distance; and where hj;
represents the random part characterizing the atmospheric turbulence intensity. In this
paper, we consider three different distributions of the random atmospheric turbulence
h};, which cover the turbulence fluctuation regimes from strong to weak intensities, and
they are

e Negative exponential distribution:

F(hiy) = e (10)
o Gamma-gamma distribution:
2(p p )p1+92 "
r 1P2 2 royPLEP2 -
) = Tty i) = Koimpa(2y/p1p2h), (1)

where p; and ps denote the irradiance fluctuation parameters with ps < p1; where
I(-) denotes the Gamma function with I'(z) = [;° #*~'e™*dx; and where K, (-)
denotes the modified Bessel function of the second kind with 7 being the order
[32], [33];

e Log-normal distribution:

(12)

05 (lg(0t;) — m)? )

1
= ———exp| —
hzj\/27rol2 ( 207
where 1 and o denote the expectation and variance of log(hy;), respectively.

Considering the limited dynamic working range of the light emitters and practical
illumination requirements for the modulated optical sources, both peak- and average-
power constraints are imposed on the channel input, i.e.,

P[mij >A} —0,Vie{l,...,nr}, Yje{1,...,1}, (13a)

o~ =

E[i 1% ] <E (13b)

where X; denotes the jth column input vector; where A represents the allowed maximum
optical power by each antenna; and where E denotes the total average optical power

1For simplicity, we assume the photoelectric coefficient for the photodetector is 1.
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allowed across all antennas. The ratio between the allowed average power and the
allowed peak power is denoted by

4

a (14)

E
A )
where a € (0, %], and is fixed in the paper.
Since information is carried on the intensity of the optical signal, we adopt the
definition of optical signal-to-noise ratio (OSNR) [34]-[36] as follows:
E
OSNR = —. (15)
On
We further present some useful concepts and definitions in terms of OSNR. More
details can be seen in [17].
Given a transmission scheme, an outage occurs when the mutual information of this
channel can not support the target rate R, and we denote

C&{H:1(X,;Y,;H=H)< R} (16)

as the outage event in terms of H.
Among all possible transmission schemes, the outage probability at time index j is
defined as [17]

Pou(OSNR) 2 P[I(X,: Y, [H) < B, (17)

min
f(X;) satisfying (13)

where X; and Y; denote the transmit and receive vectors at time j, respectively; and
where f(X;) denotes the input distribution of X;. In the existing literature [21], [37],
the mutual information term in (17) is also called instantaneous capacity.

Now we briefly define the following diversity and multiplexing gains in terms of OSNR
that will be used in the rest of the paper.

Definition 1. A transmission scheme is said to achieve multiplexing gain r, outage
diversity gain dout(r), and diversity gain d(r) if the rate R(OSNR) satisfies

R(OSNR)

OSNR 00 log(OSNR) - (18)

the outage probability P,.t(OSNR) satisfies

log Pout (OSNR)

~ ostt o " log(OSNR) dout(): (19)

and average error probability P.(OSNR) satisfies

log P.(OSNR)

~ osiA%  Tlog(OSNR)  — 4(): (20)

For each r, we define d*(r) as the supremum of the diversity gain achieved over all
schemes at the data rate R(OSNR).

3 Outage Probability Analysis

This section presents the new outage probability bounds, which are crucial in the fol-
lowing derivations of the optimal DMTs.

To estimate the outage probability in (17), we first need to characterize the instan-
taneous capacity. In the presence of the peak- and average-power constraints in (13a)
and (13b), there are no existing results in current literature applicable here. We present
new lower and upper bounds, which are closed-form and sufficiently tight at high OSNR.
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The lower bound is derived by using a truncated exponential random coding argu-
ment. For any time index j € {1,2,...,1}, denote X; = [X,1,Xj2,...,X;n.]|", and let
the entries of X; be i.i.d. according to the following truncated exponential distribution:

L _w R vie (1,2 21
— . . A
A 1_en € ) ZE{’ ,...,TLT}, ( )

f(Xji) =
where p is a parameter satisfying

1 e H «
PR (22)

The achievable rate by this truncated exponential distribution can serve as a natural
lower bound on the instantaneous capacity. Applying the GEPI in [30] we derive the
following lower bound, whose rigorous proof is shown in Appendix A.

Proposition 2 (Lower Bound). Given a MIMO-OWC channel in (8), we have

I(X;;Y;H) > %log(l + Ll(OSNR)Q”R|HHT|), (23)

9 2 nR 1 _ —B uemn 2nRr
n= (2 () (24)
Tale I

with p satisfying (22).

where

The following upper bound is derived by first assuming the channel state information
available at the transmitter, and then by some algebraic manipulations on the existing
asymptotic capacity in [31, Theorem 21].

Proposition 3 (Upper Bound). Given a MIMO-OWC channel in (8), we have

[(X;;Y,H) <

2 ng
nrt g,
L, = n . 2
(nR) (27ra26) (26)

Remark 4. Note that L, and L; in Proposition 2 and 3 are constants independent of
parameters OSNR and H, which play no role in the following derivations related to the
OSNR exponent. A

log(L,(OSNR)*"®|[HH"|), (25)

N~

where

For a given channel realization H, we denote \;, Vi = {1,...,nr}, as eigenvalues of
HH™ with A; arranged in an increasing order. It is obvious they are real and nonnegative.
We further express A\; = (OSNR) ™% for ¢ € {1,--- ,ng}. For the notational convenience,
we denote vector a = [ay,- -+ ,any] and vector X 2 A1, -+, Anp].2

Decompose H as UDQ, where U € R":*"® and Q € R™*"T are orthogonal matrices,
and D is a diagonal matrix with D = diag[(OSNR)~ 7, ..., (OSN R)*%TR]. More details
about the matrix decomposition can be found in Appendix B.1.

For a given distribution of H, by [38] we prove in Appendix B.1 that the distribution
of vector a can be estimated as

. np-—ng+2i—1

f(a) = (OSNR)™ Zifh =5 ——ai //f(UDQ)deU, (27)

with f(UDQ) being the distribution of H.
Now we are ready to present the main theorem with proof in Appendix B.2.

21t should be noted that the random forms corresponding to a and ) are denoted as a and .
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Theorem 5 (Outage Probability Bounds). Given a channel in (8), we have

/f(a)da < Pout(OSNR) g/ f(a)da, (28)
B A

where set A is defined as

A= {a: (2ng — nZRai)Jr < QT}, (29)

i=1

and set B as

B{a:QnRZaig%’}; (30)

=1

where f(a) is defined as in (27).

4 Random Coding Error Analysis

This section presents the diversity order of truncated exponential random coding, which
serves as a lower bound on the optimal diversity order.

Consider a random code with codewords i.i.d. as in (21), and the code rate is R =
r1og(OSNR). The decoder applies the maximum-likelihood (ML) method to detect the
sent message. Now consider a channel realization H = H, then the conditional error
probability can be upper bounded by the following inequality, whose proof is postponed
to Appendix C.

e -4
P(error[H = H) < (OSNR)"" H(l + W(OSNR)Q&') ) (31)
i=1
where
1 e M 39
g(a7nT) - F - (1 — 67“)2 ( )

with p satisfying (22).
Now we present the main theorem on the error probability P.(OSNR) of this random
coding scheme.

Theorem 6. Given a channel in (8), we have
P.(OSNR) < (OSNR)~%eut(") 4 (QSNR) (") (33)

where
(OSNR)~%=(") = [ f(q)(OSNR)~#(Zifa(2=a0) " =2r) g (34)
Cc

with C¢ denoting the complement of outage set C.

Proof: We consider the error event conditioned on the channel outage event.
Specifically, we bound the error probability by

Pe(OSNR) = Pout(OSNR)P /ot (OSNR) + P siout (OSNR) (35)
< Pout(OSNR) + P pout(OSNR). (36)

where Pe|out(OSNR) denotes the error probability conditioned on outage event; where
Penout (OSNR) denotes the joint probability of error and no outage events.
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By the definition of outage diversity, the first term in the RHS of (36) is
Pout (OSNR) = (OSNR)~dout (1) (37)
Substitute A; = (OSNR)~% into (31), we have
P(error|a) < (OSNR) ™ (2i5 (2-ai) " ~2r), (38)

Multiplying with the distribution of @, and integrating over set C¢, the second term in
the RHS of (36) is
Pe,nout(OSNR) = (OSNR)idte(T)_ (39)

The proof is concluded. O

5 DMT Analysis on Negative Exponential Channel

In this section we consider the OWC channel with atmospheric turbulence according
to negative exponential distribution. This distribution is commonly used to model the
channel with relatively high atmospheric turbulence intensity. We first present results
on the outage diversity order, and based on this, we further characterize the optimal
DMT.

5.1 Outage Diversity Gain Characterization

To distinguish parameters from different fading channels, here we denote INE, dNE (r),
dNE(r) and di(r) as the parameters for negative exponential channel. Similar notations
will also be used in the following gamma-gamma and log-normal channels.

As shown in Theorem 5, to estimate the outage diversity order, we first need to
calculate the distribution of vector @ in (27). To do this, we first analyze the distribution
of H. Since the entries in H are assumed i.i.d., and by (10) we expand the distribution

of H as

nr Nt

i =TT I] 70 (40)
= H H exp(fe”dij hij + l/dij). (41)

Now we decompose H = UDQ, and then for any entry h;; = [H], AC have

nRr
hij =Y ui x (OSNR)™ x gij, (42)
k=1

where u;, = [U],;, and ¢;x = [Q];,- Since a;s are arranged in a decreasing order, at high

OSNR, the last term w;,, x (OSNR)™ I x Qnr; dominates other terms. By the fact
that the entries of H are nonnegative, we have wing ¢ng; > 0. Hence f(H) can be further
simplified as

nr Nt

HHexp( OSNR)__) (43)

i=175=1

Substituting (43) into (27), we get

nrR NT

F(a) = (OSNR)~ X5 "T5 5 ai HHexp( OSNR)**) (44)

1=17=1
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Now we apply Theorem 5 to bound the outage probability. Note that when a,, <0,

in (44) the exponential term exp (—(OSNR)_GT;R — 0, and hence f(a) — 0. With

this observation, we can further reduce the integral domain A in (28) to be A’ = AN
{a:an, >0} and B in (28) to be B/ = BN {a : an, > 0}. Furthermore, when a,; > 0,

ang

exp (—(OSNR)_ z ) — 1 or e, and then we can further simplify f(a) in (44) as

nR np-ngp+2i—1
s T

#(a) = (OSNR) (45)

Now by definition (17), substituting (45) into (28), the outage diversity gain d\E(r) at
multiplexing order r is bounded by

int E(r0) < BE0) < inf A (ra) ()
where function d)% (7, a) is defined as
nR .
ntr—nr +2t—1
i) = 3 P (47)
and where A’ is given by
nr
A/{a:a12~~~2anR20, and (QnRZai)"'gQr}, (48)
i=1
and B’ by
nR
B’:{a:alz---ZanRZO, andQnR—ZaiSQT}. (49)
i=1

5.2 Optimal DMT Characterization

We now characterize the optimal DMT of negative exponential channel. In fact, our
derived outage probability can serve as a lower bound on average error probability. By
Fano’s inequality [39], we can show

P.(OSNR) = (OSNR)~out(m), (50)

Furthermore, note that the error probability bound on truncated exponential coding
established in Section 4 can serve as an upper bound on average error probability. Hence

P.(OSNR) < (OSNR)~dout (")  (QSNR)~dse(r)., (51)
Comparing the bounds in (50) and (51), we have the following observations:

o If dio(r) > dout(r), dout(r) becomes the dominant term in the RHS of (51). Com-
bined with (50), the optimal diversity gain d*(r) is equal to the outage diversity
gain, i.e.,

d*(r) = dout (). (52)

o If die(r) < dout(r), die(r) turns to be the dominant term in the RHS of (51). In
this case, we can simply bound d*(r) as

die(r) < d*(r) < dout(r). (53)

With the above two observations, we only need to calculate doyt(r) and die(r). The
optimal DMT of negative exponential channel is characterized in the following theorem.
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Theorem 7 (DMT of Negative Exponential Channel). Given a channel with
distribution in (41), if | > INE = nt — ng + 1, the optimal diversity order is given by

Ae(r) = (nr —nr + 1)(nr — 1), (54)
otherwise,
l(ng —r) < dig(r) < (nr —nr +1)(nr — ). (55)

Proof: We first calculate d\% (r) and dXF(r), and then characterize the optimal
diversity order dig(r).
By linear optimization, it is straightforward to get that the infimums of d)\E(r, a)

over feasible regimes .4’ and B’ are both achieved at a,, = [2(ng —7),0,...,0] in (46),

o
and the infimums match. Hence the outage diversity gain is given by

dONlE(r) = (nr —ngr + 1)(ng —r). (56)

Now we calculate dXF(r). By reducing the integral domain C° in (34) to A°, and
enlarging the integral domain C¢ in (34) to B¢, we bound dNF(r) as

inf dNF < dNE(r) < inf dNF 57
&2), te (T’a) — Tte (7’) — (i{lc), te (Tva’)a ( )

where function dNF(r,a) is given by

o —nr + 20— 1 (& n
A =3 T g (Yt ) 6
and where (A€)’ is given by
nR
(A°) = {a fap > > ap, >0, and (2ng — Z‘“)+ > 2r}, (59)
i=1
and (B¢)" by
nR
(BC)’{a:a12~~~2anR20, andQnRZaiZQT}. (60)
i=1

Compared with (47), we can see dF(r,a) in (58) is also linear with respect to vector
a, but with an extra term (> 7% (2 — a;)t — 2r). Given a block length [, we can
still analyze the infimum of dNF(r,a) over (A°) or (B¢)" through linear optimization.
Here, we show that the infimums in (57) also match the same optimal point af,. In the

following, we characterize af, under different block length I:
e when | < nt —ngr + 1, the optimal af, is given by

af; =0, fori=1,--- ,ng; (61)

e when nyr —ng +2k—1<l<np—ng+2k+1)—1,Vke {l,--- ,ng —r}, the
optimal af, is given by
af =2, fori=1,--- k, (62a)
af; =0, fori=k+1,--- ,ng; (62b)
e when [ > ny —ngr + 2((ng —r) + 1) — 1, the optimal af, is given by
af =2, fori=1,--- ,ng—r, (63a)

ar =0, fori=ng—r+1,--- ,ng. (63b)
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Substituting af, into (57), we obtain that if I < np —ng + 1, then
dNE(r) = I(ng — 7). (64)

Otherwise if [ > nt — nr + 1, we have

k
dNE(r) = Z(nT —ng+2i—1)+ing—k-—r), ke{l,--- ,ng — 1}, (65)
i=1
where the choice of k depends on the channel block length I (see (61), (62), and (63)).
Last, we characterize dig(r). If I > nr —nr +1 and at any k in set {1,--- ,ng —r},

)=

dNE(r) > (np—nr+2-1)4+nr—ng+1)(ng —k—r)

o
Il

nt—ng+ 1)(ng —7)
ot (7). (66)

u

I
Qo

The proof in this case is concluded by combining (52) with (56) and (66).
If I <np—ngr+1, by (61) and (56), we have

dyeE(r) < (ntr—ng+1)(ng —7)
= d3E(r). (67)

out

Combing (53) with (56), (64) and (67), the proof is concluded in this case.

Remark 8. Notice that in (46), the difference in the upper and lower bounds on d3.& (r)
lies in the optimization domain. It is easily verified that set A represents a larger set
compared with the original outage set C, while set B is a smaller set, i.e.,

BCCCA. (68)

The results above show that the infimums over different optimization domains are
achieved at the same point, revealing that the bounds derived in Proposition 2 are
sufficiently tight in terms of diversity gain. A

Remark 9. Observing (61) and (63), we can find that af, has at most (ngr — r) entries
equal to 2. Intuitively, note that (B¢)" denotes the feasible regime in (57), thus any point
a in it satisfies 2ng — > a; > 2r. This indicates that any a has at most (ng — r)
entries equal to 2. A

6 DMT Analysis on Gamma-Gamma Channel

In this section, we consider the OWC channel with atmospheric turbulence according to
gamma-gamma distribution. This distribution is commonly used to model the channel
with moderate-to-strong atmospheric turbulence intensity. The outage diversity and the
optimal DMT are characterized in the following.

6.1 Outage Diversity Gain Characterization

Due to the presence of K. (-) in (11), it is difficult to analyze original gamma-gamma
distribution directly. Instead, we choose an alternative expression in terms of power
series, i.e.,

FE) =3~ dulpr, p2) (W)™ 27+ dyp2, pr) (R0 (69)

n=0 n=0
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where

(p1p2)** "L (p1 — p2)
L'(p1)l(p2) (1 + p2 — p1)nn!”

Combined with (9) and (40), we obtain the distribution of gamma-gamma channel as

dn(p1,p2) = (70)

nr Nt

HH{Zd pr.p2) (€4 hyy) T v

1=1j5=1
- n+p1—1 .4 .
+Zdn(p2,p1)(€”d”hij) e d”}- (71)
n=0

After some algebraic manipulations, we can rewrite (71) as

nr Nt
R T Ty R ————
i=1j=1
+Zdn(p2, 1) (e745)" TP (OSNR) =5~ } (72)
= (OSNR)™ % (-1, (73)

where p denotes min{p1, p2}.
Substituting (73) into (27) and (28), the outage diversity order d$§ () at multiplex-
ing order r is bounded by
nf i (ra) < dgi(r) < inf dGE(r,a), (74)

out

where function dS$§(r, a) is defined as

ok (np—ng+2i—1 NRNTAn,
0S5 (ra) = 3 L8 ) g R, g, (75)

out 9 ai 9

=1

and where sets A’ and B’ are defined as in (48) and (49), respectively.

6.2 Optimal DMT Characterization
We present the main results in the following theorem.

Theorem 10 (DMT of Gamma-Gamma Channel). Given a channel with distri-
bution in (71), when ng = 1, if | > 1SS = pnr, the optimal diversity order is

Ga(r) = pnr(l —71), (76)
otherwise,
(1 =r) <dgg(r) < pnr(l —7); (77)
when ng > 1, if | > Z&G =nt —ngr + 1, then
Ga(r) = (no —nr +1)(nr — 1), (78)
otherwise,

llng —7) <dgg(r) < (nr —nr + 1)(ng — 7). (79)
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Proof: We follow the similar arguments as in the proof of Theorem 7. Here we
mainly emphasize the differences.

Compared with the function in (47), dSS (r, @) in (75) contains an extra term ngn (p—
1)an, /2. We consider the cases ng = 1 and ng > 1 separately to show the differences
when a; = an, and a1 # any.-

When ng = 1, the infimums in (74) are both achieved at point a%,, = 2(nr — 7).
Hence, the outage diversity gain is given by

dgui (r) = (nr = nr + 1+ nrnr(p — 1)) (ng — 1)
= pnt(l —r). (80)
When ngr > 1, the infimums in (74) are both achieved at point af,, = [2(nr —
r),0,...,0], and we have
deu (r) = (n — 1y + 1) (nR — 7). (81)

Now we calculate d$C(r). Modifying the optimization domain in (34) with A° or
B¢, we have

inf dS¢ < dS8(r) < inf dS¢ 82
(1611)/ te (r,a) < dil7(r) < (mc)/ e (1,a), (82)
where function dS%(r,a) is defined as

nR

nr—nr+2i—1 NRNT Gy, [ [ &
d&G(ﬁGJ):Z 04'4’ R(p*1)+§ Z(2*&i)+727’ y

. 2 2 .
=1 =1

(83)

and where sets (A°)" and (B°)’ are defined as in (59) and (60), respectively.

Compared with the function in (58), d$%(r,a) also has an extra term nrnr(p —
1)any /2. We still separately consider the cases when ng = 1 and ng > 1.

When ng =1, if I < ny — ng + 1+ ngrnr(p — 1) = pnr, the infimums in (82) are
both achieved at aj, = 0, which yields

dS8(r) = l(ng — 1), (84)
otherwise the infimums in (82) are both achieved at af, = 2(ng — ), thus

dSC(r) = (nt —nr 4+ 1 4+ ngnr(p — 1))(nr — 1)
= pnp(l —7r). (85)

When ng > 1, since sets (A)’ and (B)’ in (82) are the same as the corresponding sets
in the negative exponential channel in (57), here we just need to show d3%(r) = dNE(r).
On the one hand, as ngnr(p — 1)an,/2 > 0 for any a,, > 0, we can obtain that
d3C(r,a) > dNF(r,a) at any a with a,, > 0. On the other hand, at the point af, defined
in (61), (62), and (63), we have dSC(r,af,) = dXE(r, af,). The proof is concluded.

0

Remark 11. Notice that when ng > 1, the nrth entry of a},, or af, is always 0, which
indicates the extra term nrnr(p — 1)an, /2 plays no role on dS$(r,a) and d3C(r, a).

Hence when ngr > 1, we always have d$$ (r) = dYE(r) and dS6(r) = d¥F(r). A

out out

7 DMT Analysis on Log-Normal Channel

In this section, we consider the OWC channel with atmospheric turbulence according
to log-normal distribution. This distribution is commonly used to model the channel
with weak atmospheric turbulence intensity. The outage diversity order and the optimal
DMT are characterized in the following.

Yang, Li, Tang, Wang, 10 December 2021 13



7.1 Outage Diversity Gain Characterization

Substituting (9) and (12) into (40), we have

2
ﬁ ﬁ (10g(eXP(Vdij)hij) - Ml) 36)
i) h”\/27r0l 2012
Following similar arguments as in Section 5.1, we simplify f(H) as
. 2
nR
ey T (108 (xplvd ) OSNR) 5" ) )
f(H) = (OSNR)” < [T 114 exe| - 27
i=1j5=1
_anR 2
nRPTenE R NT (10g(OSNR) R (,Ltl - I/dij))
= (OSNR)™ = " x HH exp| — 507
1=17=1
R"T nR nrnT n 52
NR —1 NR & ] NR n —
= (OSNR) X exp< 0g(OSNR) x 207 < 0g(OSNR) + ang f1 +1 Tog(OSNR)
nprTen logosnr €XP <7 log(OSNR) x % (Q%R log(OSNR)JranRﬁl +1(%ﬁ)>
= (OSNR)~ 2 x (OSNR) ‘

2
P s
TonR _ ;{U%T ( ia: log(OSNR)+anR51+103(025NR))

= (OSNR)

o
_ engenn g (05
= (OSNR) )

where logggnr(+) denotes the logarithm to the base of OSNR; where 81 and 32 are defined
as

it 2 (pu — vdij)

Bl = ) (89)
nrnT

8, — 2oity 2 (= vdij) ; (90)
nrntT

and where (87) follows by

b-log (OSNR) log (OSNR)

(OSNR)!°gosnr © = (OSNR)!ogosnr © (91)
= (OSNR)". (92)
Substituting (88) into (27) and (28), we bound the outage diversity gain as
lnf dout(T a’) < dglll\lt( ) < lIlf dout( ) (93)
where function d5N (7, a) is defined as
nRr . 2
LN B (np —ng +2i—1) NRNTAn, ~ NRAT [ O
d"N (r,a) = ; 5 a; = —— 207 —= log(OSNR) + an, 1

(94)

and where sets A’ and B’ are defined as in (48) and (49), respectively.
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7.2 Optimal DMT Characterization

We present the main results in the following theorem.

Theorem 12 (DMT of Log-Normal Channel). Given a channel with distribution
in (86), and denote O = (1og(OSNR)/2 + ﬂl)/af. When ng = 1, if | > 15N = Onry, the
optimal diversity order is

in(r) = Onr(1 ), (95)
otherwise,
(1 =r) <din(r) <One(l—r7); (96)
when ng > 1, if l > l{fl =nt —ngr + 1, then
in(r) = (n7 —nr +1)(nr — 1), (97)
otherwise,
llng —r) <djx(r) < (nr—nr + 1)(ng — 7). (98)

Proof: We first calculate d5N(r). In (94), diX(r,a) is a nonlinear function to
vector a due to the extra term

u(ang,) = IRIVT (
nr) = 3
r 20;

2
“jTR 10g(OSNR) + apy, 51) . (99)
Notice that at high OSNR, u(ayy) tends to be infinite, and dominates the sum of rest
terms. For this reason, we prioritize small a,, to optimize d%X (r,a) over A’ and B’
in (93). Since this extra term wu(a,g,) only relates to a,;, we still separately consider
nr = 1 and ng > 1 to distinguish a; = an, and a1 # any-

When ng = 1, the integral domains A" and B’ in (28) coincide as {a > 2(ng — r)}.
We can obtain the optimal point a}, = 2(ng — ), and we have

dg}l\i(T) = (nT —ngr+1—ngnt + n;;T (log(OSNR) + 251)) (nr —7)
1
= Onr(1—r). (100)

When ng > 1, a necessary condition to have finite infimums in (93) is the ngth

entry of a to be zero, i.e., ap, = 0. Then the rest of entries in optimal point a},,

can be computed by linear optimization, and we obtain a%,, = [2(ngr — r),0,---,0].
Substituting a%,, into (93), the outage diversity gain is given by

dfﬂt(r) = (nt —ngr + 1)(ng — r). (101)

Now we calculate d=N(r). Modifying the integral domain in (34) as .A® or B¢, we
have

inf d"N(r,a) < d"N(r) < inf d"N(r,a), 102
(BC)’ te( )— te()—(Ac)/ te( ) ( )

where function d=N(r, a) is defined as

NR

nt—nr+2i—1 NRNT
d%eN (r,a) = Z 9 ai — 9 Qng
i=1
2 R
ngnt [ 4, l
502 (TR log(OSNR) + anR61) +3 (2(2 —a;)" - 2r); (103)
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and where sets (A°)" and (B°)’ are defined as in (59) and (60), respectively.

It is direct to see that diN(r,a) is also a nonlinear function due to the extra term
u(ang ). Using similar method argued above, we can directly show that when ng =1, if
| < On, both infimums of d=N(r, a) over (A°)" and (B¢)" are achieved at af, = 0, which
yields

d%eN(r) =l(ng — 1), (104)

otherwise, af, = 2(nr — r), and we have

dEN(r) = (m —ng+1—ngnt+ n;:; (1Og(OSNR) + 2ﬂl)> (nr — )
i
=0Ony(l—r). (105)
When ng > 1, following similar arguments as in the derivation of d-X (r), we obtain
the optimal point af, has the same expressions as in (61), (62), and (63), and d(r)
has the same expressions as in (64) and (65). Then the proof is concluded.

O
Remark 13. The term u(a,,) causes the non-linearity of diN(r,a) in (94). When
nr > 1, a necessary condition to have a finite diX (r) is a,, = 0, and hence u(ay,,) =

0. Eliminating the influence of ay, the optimization problems in (93) are essentially
equivalent to the linear problems in (46). A

One issue in Theorem 12 is when ng = 1, at high OSNR, the optimal diversity gain
dfx(r) tends to be infinite, which fails to reflect the performance limits of practical
OWC systems. In fact, similar phenomena are also observed in the existing literature
[21], [27], [40]. This issue is due to the fact that dfy(r) contains the OSNR related
term, while the diversity gain essentially measures the system performance under high
OSNR. To deal with this problem, we adopt the definition of asymptotically relative
diversity order (ARDO) proposed in [27], and then analyze the optimal diversity gain
of log-normal channel. The ARDO of a transmission scheme is given by

d*(r)

F(r) = lim —1 1
& (r) OSNR 00 din (1)’ (106)

where d*(r) denotes the optimal diversity order, and where df,,(r) denotes the optimal

diversity order of a benchmark scheme. In the following, we use the outage diversity
order at 7 = 0 of the SISO system as the benchmark?, such that

* (7,) — dEN(T)
LN JdLN (0) :

out

(107)

Substituting dfy(r) in (96) and (97) into (107), we have the following proposition:

Proposition 14. Given a channel with distribution in (86), when ng = 1, the ARDO
under a large block length is given by

din(r) = nr(1 —r); (108)
under a small block length we have

0<din(r) <no(l—r). (109)

3The benchmark is chosen by considering the fact that outage diversity order at r = 0 is the maximal
achievable diversity order for any transmission scheme.
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Figure 1: Outage diversity gain for SISO channel.

8 Numerical Results and Discussions

8.1 Optimal DMT Analysis

In this section, we present numerical examples of the derived DMT results. For the
notational convenience, a channel with ngr receive, nt transmit antennas, and [ block
length is simply denoted by nt X ny X [.

Figures 1, 2, and 3 depict the outage diversity gain dout(r) at the multiplexing
gain r under different channel conditions for SISO, MISO, and MIMO channels. These
curves can also represent the optimal spatial diversity gain d*(r) when [ > liy,, where Iy,
represents the block length threshold of corresponding channels, such as ltl\LE, Z&G, l%hN
(see Theorems 7, 10, and 12).

Figure 1 shows the derived outage diversity gain dout(r) under three different chan-
nel distributions, i.e., negative exponential, gamma-gamma, and log-normal channels.
Besides, we choose two different values of p given in [41] to show their influence on the
gamma-gamma channel, i.e., (1) p = 10.1614, (2) p = 17.4369. For negative exponential
and gamma-gamma channels, dout(r) linearly decreases with the increasing r. For the
log-normal channel, dout(7) tends to be infinite when r» = 0 and returns to 0 when r takes
the maximum value of 1. Since log-normal, gamma-gamma, and negative exponential
distributions model the channel with weak, moderate, and strong atmospheric turbu-
lence intensities, respectively, this figure also reflects the fact that increasing turbulence
intensity may hamper the diversity gain. As shown in Figure 2, the above conclusions
also hold in the MISO channels.

From Figure 3, we observe that the maximum outage and multiplexing gains are
given by d* .. = (nt — nr + 1)ng and %, = ngr, and the outage diversity gains are
equal under these three different fading MIMO channels.

Remark 15. Although different distributions may lead to different outage probabilities,
the result in Figure 3 reveals that the exponents of outage probabilities are identical
regardless of the fading properties. In fact, this phenomenon has been explained in
[19, Theorem 21]. Specifically, as long as some relevant attributes by different channels
are identical, the derived outage diversity gain will be the same. Therefore, we could

Yang, Li, Tang, Wang, 10 December 2021 17
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Figure 3: Outage diversity gain for nt x ng MIMO channel.
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Figure 4: Bounds on optimal diversity gain for 16 x 4 MIMO channel.

infer that the result shown in Figure 3 is also caused by some internal attributes which
behave the same among these three fading channels. A

When [ < I, Figure 4 depicts the bounds on optimal d*(r) for a 16 x 4 MIMO
channel with [ = 7, and [ = 10, respectively. Here, Iy, = 13. It is direct to see d*(r) is
upper-bounded by doyt(r) and lower-bounded by di.(r) for the above channels. For any
I < lyn and r < ng, the lower bound on diversity gain is strictly below the upper bound,
implying that there is always uncertainty on the characterization of optimal DMT curve.
The uncertainty tends to decrease as the block length or the multiplexing gain increases.

We also depict the optimal d*(r) as a function of the number of transmit antenna
nr or receive antenna ng in Figure 5. The left curve of Figure 5 depicts the optimal
diversity gain d*(r) as a function of nr with fixed parameters ng = 4 and r = 2, while
the right curve depicts d*(r) as a function of ng with fixed parameters nt = 16 and
r = 2. We observe that d*(r) monotonically increases as nr increases, while increasing
ngr does not always guarantee larger diversity gain. In fact, our derived d*(r) is a linear
function with nr, but a second-order function of ng, which is fundamentally different
from the RF DMT result established before [17].

Remark 16. Since the optimal diversity order d*(r) is a second-order function of ng,
hence, installing ng* = L%HTJ antennas at the receiving end may achieve the best
performance. A

8.2 DMT Comparison with Existing Results

Table 1 compares our derived DMT results with existing results in RF and OWC chan-
nels. Note that the slope of dout(r) or die(r) in [17] is two times large as in [28], and
the threshold of block length in [17] is the same as in [28], which are different from our
derived results. In the following, to avoid ambiguity, we denote Iy, in [17] or [28] as (4.

To numerically compare the optimal DMT curves for different channels in Table 1,
Figures 6 and 7 depict these DMT curves of 16 x 4 and 16 x 11 MIMO channels when
[ > ly,. For any multiplexing gain 7, we can see that dyr(r) is always large than d}5 ()
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Table 1: Results of different MIMO channels

dout(T) dte(T) (l < lth) len
Rayleigh [17] (nt —r)(ng — 1) —l(r—r1)+ (nt —r1)(ng — 1) nyt+ng—1
Negative Exponential [28] Z(nt —1)(nr — 1) — LI —r)+irr—r)r—r) | nr+nr—1
Negative Exponential (us) (np —nr +1)(ng — 1) I(ng — 1) nt —nr + 1
where 11 =ng — [(l — |[nT —ng|—1)/2].
70 T T T T T
—A—dp ()
. ~—din(r) |
- 0 -dy(r)
50 b
=
ool
U 40 1
>
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Figure 6: Comparisons of the optimal DMT curve for 16 X 4 x co MIMO channel.
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Figure 7: Comparisons of the optimal DMT curve for 16 x 11 x co MIMO channel.

and dig(r). This implies that the optical signals usually suffer more severe fading than
their traditional RF counterparts.

In Figures 6 and 7 we also observe that, even though dig(r) and djg(r) both char-
acterize optimal diversity gain, these two curves are fundamentally different. djg(r) is
derived by only considering the fact that input signal is real, and then simply putting
a half factor into the traditional RF capacity expression. Here, our derived dyg(r) is
obtained by taking the unique inputs constraints into consideration. Comparing these
two figures, dj(r) tends to match dyr(r) as nr decreases, which is caused by the fact
that dip(r) approaches (nt — r)(ng —r) as ng decreases. For specific ng, dg(r) may
intersect with djp(r) at some point (72, d2), and when r < r9, di(r) is strictly less than
d3g(r), while dijg(r) is strictly larger than djg(r) when r > rs.

Moreover, we numerically study the variation of d*(r) when [ decreases for a 16 x 4
MIMO channel. Recall that ltz};] denotes the block length threshold for the previous
literature [17], [28]. Hence, we have INF = 13 and 14’ = 19. We select three different
block lengths: (1) I = oo, (2) I = 15, (3) I = 10, as shown in Figures 6, 8 and 9. Note
that as | decreases, the gap between the upper and lower bounds on d*(r) increases.
However, our derived dj(r) has the slowest uncertainty growth rate compared with the
existing results. Since when ! decreases from oo to 15, the bounds dy(r) and dig(r)
become very loose. In contrast, our derived dyg(r) is still tight until { = 10.

9 Conclusion Remarks

This paper investigates three different block fading optical wireless communication chan-
nels and derives the optimal DMT under both optical peak- and average-power input
constraints. We first establish an upper bound on the optimal diversity gain by charac-
terizing the outage diversity gain. Then by analyzing the error probability of a random
coding scheme, we establish a new lower bound. It turns out that these two bounds
are close, hence give good approximations on the optimal diversity gain. In fact, at a
large block length regime, these bounds match, thus we can precisely characterize the
optimal diversity gain. Our derived DMT results are fundamentally different from their
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counterparts in traditional RF channels. These differences are due to the unique input
constraints in the optical wireless channels. From the perspective of a practical nt X ng
OWC system design, our results imply at a specific multiplexing order r, letting the
numbers of transmit and receive antennas satisfy [nt + 1+ r] = 2ng may achieve the
best performance in terms of diversity gain.

A Derivation of Instantaneous Capacity Bounds

A.1 Proof of Proposition 2
Recall X; = [X1,Xj2,...,Xjn]", it is straightforward to get

1 e H .
E[Xﬂ]A<p 1—e—ﬂ)’ Vie{l,2,...,n1} (110)
and
_ pe 14
h(X;;) =logA+1— = _IOglfe*u' (111)
Next, we define a new random vector )Nij = [f(ﬂ,f(jg, .. .,)NijnT]T, whose entries are
i.i.d. according to Gaussian distribution with expectation 0, and variance
> 1
Vv {X»Z} — _— 92h(Xyi), 112
ar J 27T€ ( )

By the Gaussian differential entropy formula, we can immediately show
hX,i) = h(Xj), Vie{l,...,nr}. (113)
For a given channel realization H = H, apply the generalized EPI in [30], and we have

h(HX,) > h(HX;) (114)

1
nRr nR
=5 log (27re HKX]XJ_HT R>, (115)
where K¢ & denotes the covariance matrix of X]— which is diagonal with its ith entry
I
[K*ff%}u — Var [X]] Vie {1,2,...,n1). (116)

Substituting (111) into (112), (116) and (115), we have

2

On 2 2 T
T'(« OSNR)“HH
2wa’e (o, ) ( )

h(HX;) > HTR log (277‘6

where

R
, (117)
1—e™ _ pe7t

2 e n 118
. (118)

T(a,nr) =2

with p satisfying (22).
Now we lower-bound the instantaneous capacity as

I(X;; Y;|H) = h(HX; + Z;[H) — h(Z;) (119)
> % log (22}‘(‘“]') + 2“%)) ~h(Z,) (120)
= 1log (1 + LHX;)) (121)
2 (2med,) ™
> % log(1 + L;(OSNR)*"® [HH"|), (122)

where (119) follows by the independence between H and Z;, (120) by applying the EPI
[42], and (122) by substituting (117) into (121). The proof is concluded.
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A.2 Proof of Proposition 3
At high OSNR, by the asymptotic upper bound in [31, Theorem 21], we have

1 \:
[(X;;Y;|H) < ngrlogA + 51og(7H), (123)

(2weo, )"r

where Vi = ), |[detHy| with Hy; denoting the nr x nr submatrix of H indexed by set
u.
We further upper bound the RHS of (123) as

(2meo,)™® 2 (2meoy, )™

)

1 V2 1 nr Hy|?
ng log A + 3 1og(7H) <ngrlogA + = 10g<("R) (ZU| u ) (124)

@reon)mm (125)

1
=ngrlog A + §log<

where (124) holds by Cauchy—Schwarz inequality, and (125) by Cauchy—Binet formula:
> Hy|? = [HH"|. The proof is concluded.

B Derivation of Outage Probability Bounds

B.1 Preliminary

B.1.1 Decomposition on Channel Matrix

Given the channel matrix H € RY®*"T we first decompose it by LQ factorization
H=1Q, (126)

where L € R™®X"r is lower-triangular and Q € R"®*"T is orthogonal satisfying QQ" =
I, xny- Combined with (126), we can rewrite HH' as

HH" = LL". (127)

Then perform eigenvalue decomposition on HH', we obtain
HH™ = UAUT, (128)
where U € R™®*"® is orthogonal satisfying UUT = I, xpn,, and A € R™*"® ig diagonal

with [A];; = N\, Vi = {1, - ,nr}. Combining (127) with (128), we can decompose LL"
as

LU = (UA}) (UA%)T. (129)
Then we have L = UA2. Further substitute L into (126), and we have
H=UAZQ. (130)
Denote D £ A%, and rewrite \; in terms of a;, Vi = {1,--- ,nr}, then we get
D = diag[(OSNR)~% ..., (OSNR)~ 2] (131)

B.1.2 Derivation of Ep. (27)
By [38], we have

f(a) = € [log(OSNR)]"" x (H(OSNR)-MCLJ

i=1
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x [ J|(OSNR)~* — (OSNR)~*| x /V /V f(UDQ)dQdU, (132)

1<j nRYMR nR.nT

where £ is a normalization constant.
Form the definition in (19), we observe that the outage diversity order doys(r) is fully
determined by the corresponding OSNR exponent of outage probability. Note that

- log(€llog(OSNR)|™) _
OSNR—00 log(OSNR)

(133)

Thus, at high OSNR, we have
£[log(OSNR)]™®* = OSNR". (134)

Second, note that the term |[(OSNR)~% — (OSNR)~%| is only determined by the
smaller exponent at high OSNR, and thus we can simplify the following product term as

[]I(OSNR)= — (OSNR)~*| = ﬁ(ost)—U—l)ai. (135)

1<J i=1

Substituting (133) and (135) into (132), the proof is concluded.

B.2 Proof of Theorem 5
B.2.1 Upper Bound

To prove the new bounds on outage probability in Theorem 5, we employ the bounds
obtained in Proposition 2. We first prove the upper bound on outage probability, and
then prove the lower bound.

Denote R = rlog OSNR. Substitute (23) into the RHS of (17), and we obtain

Poyi(OSNR) < P E log(1+ L;(OSNR)*"* [HH'|) < rlog(OSNR)] (136)

=P

1+ L;(OSNR)?"* |[HH"| < OSNRQT] . (137)
Since A; = (OSNR) ™%, Vi € {1,...,ngr}, are the the eigenvalues of HH", we have
ngr "R
[HH"| = ] ] A\ = OSNR™ Zi=i %, (138)

i=1

Substituting (138) into (137), we get

Pout(OSNR) < P _1 + Ly(OSNR)2m—2T a0 < (OSNR)”] (139)
~p :(OSNR)(%RZ?Rl ai)’ < (OSNR)QT] (140)
=P :(2nR - iai)"‘ < 2T‘| (141)
I i
= /A f(a)da, (142)

where (140) follows by the fact that 1+c-OSNR? = OSNR?", and (142) by the definition
in (29). The proof is concluded.
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B.2.2 Lower Bound

Substituting (25) into the RHS of (17), and following the similar arguments as in Sec-
tion B.2.1, we have

Pout(OSNR) > P %1og(Lu(OSNR)2"R|HHT|) < rlog(OSNR)] (143)
=P |L,(OSNR)2mm it ai < (OSNR)”] (144)
= P|(OSNR)(2mr T ai) < (OSNR)”] (145)
- -
=P|2np — Y a; < 274] (146)
L =1
= / f(a)da. (147)
B

The proof is concluded.

C Proof of Eq. (31)

Denote the codebook as {X(0),X(1),...,X(OSNR™ —1)}. Suppose the sent codeword
is X(0), and we consider the event when the ML decoder decides erroneously in favor of
X(1). This event occurs only if the projection distance of Y(0) — HX(0) on the direction
of HX(1) — HX(0) is larger than do; /2, where dpy =|| HX(1) — HX(0) || is the distance
between HX(1) and HX(0). The probability on the occurrence of this event is*

P(X(0) — X(1)[H = H)
b ( (Y (0) — HX(0), HX(1) ~ HX(0))

1
- [HX(1) — HX(0) [lr 3

Since X(0) is sent, and Z(0) = Y(0) — HX(0), then the projection of Y (0) — HX(0)
on HX(1) — HX(0) is still a Gaussian variable. In the following, we use the term
m to denote the projection, where z is a Gaussian variable with expec-
tation 0 and variance || HX(1) — HX(0) || 0,,%2. Thus we further upper-bound the error
probability as

PX(0) - X(OIF = 10) = P (e > 5 | HX() = HX(0) e
(149)
\/| HX(1 HX ) (150
< exp( | HX( 80:;1)( F) (151)
where (151) holds because Q(t) < 1/2exp(—t2/2).
Note that
ng L nr
I HX(1) = HX(0) [IB=>_ > 1D [Xis (1) = Xi5 (0)] i, (152)

k=1j=1 i=1

4Without loss of generality, for any X € R™*™ and Y € R™*", (X, Y) =37 o1 TiiYig-

Yang, Li, Tang, Wang, 10 December 2021 26



where Xz]() = [X()]Z], and h,]“' = [H]kz Setting Qj = [le(l) — le(O), e ;XnTj(l) —
Xnr; (0)]7, we rewrite (152) as

l
| HX(1) — HX(0) [[f= > QJH'HQ;. (153)

j=1

By SVD, we decompose H'H = VAV", where A = diag[A1, ..., A\n,]. Define g; =
[Bj1,+, Biny], and let B; = Q;V. We can rewrite (153) as

I np
| HX(1) — HX(0) 2= 375 Ai82. (154)

j=1i=1

Substituting (154) into (151), we have

I np
1
P(X(0) = X(1)[H = H) < exp| —— S N8 (155)
=1 i=1

Averaging over the ensemble of truncated exponential random codes, we get

1 I np
POX(0) > X(UIH = 1) < Ea,, | exp(— 515 D° > 0% (156)
"oj=14=1
l 1 nr
=[] &s, exp(—5— Z)\Zﬂf—i)] (157)
j=1 "oi=1

L
2

= det (I + %(OSNR)QHHT) - (158)

where (157) follows by the independence between vectors 3, and 3,4, Vp # ¢, and (158)
by the derivation in the following Appendix C.0.1.

Note that at transmit rate R = rlog(OSNR), we have in total (OSNR)!" codewords.
Then applying the union bound, the decoded error probability can be upper-bounded
as

L
2

P(error|H = H) < (OSNR)™ det <1 + M(OSNR)2HHT) (159)
5 (1, 9lown) o
— (OSNR)" H(1 + %(OSNR)%) . (160)
i=1
C.0.1 Proof of Eq. (158)
Denote the matrix V.= [Vy,---, V,.], where V, = [v1p, -+, Unyp]" is the pth column of
V. Recall that V is an orthogonal matrix, i.e.,
nr
Zvipvip =1, vpe{l,---,nr}, (161)
i=1
nr
Zvipviq =0, Vp#gq. (162)
i=1
Note that
,ij = Ale’Ulp +---+ AXnijnTp (163)
,qu = Ale’L)lq +---+ AXnTj’Uan, (164)
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where AX” = XU(]‘) — Xij (0)
Recall that X;;, Vi € {1,--- ,nr} and j € {1,--- 1}, follows i.i.d. truncated expo-
nential distribution in (21), and hence it is directly to verify

E[B;i] =0, (165)
of 1 et
2 2A%g(a, ny). (167)

By the central limit theorem, we can approximate 3;; as a Gaussian random variable
with expectation (165) and variance (167), and hence by averaging over the distribution
of Bj; in (157), we have

N~

801 s> )\iﬁf—i)] = det <I + @(OSNRFHHT) : (168)
=1

1
H Ep; |exp(—
j=1

The proof is concluded.
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