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Power Allocation for Artificial-Noise
Secure MIMO Precoding Systems
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Abstract—This paper investigates the power allocation problem
for artificial noise (AN) secure precoding systems, and proposes
closed-form solutions for maximizing the achievable secrecy rate.
It is assumed that the transmitter knows the full channel infor-
mation at the legitimate receiver, and knows only the statistics
of the channel information at the eavesdropper. Lower bounds
are derived for the secrecy rates in multiple-input single-output
channels with single or multiple eavesdroppers and multiple-input
multiple-output channels with multiple eavesdroppers. When the
number of transmit antennas is sufficiently large, the bounds are
tight, and closed-form solutions can be derived from these bounds.
The analytical results suggest simple and yet informative solutions
as follows: Let the numbers of receive antennas at the legitimate
receiver and at the eavesdropper be V. and 1V, ., respectively.
The system should distribute N, . /(N + N, .) of the power to
AN in the high SNR regime, and distribute zero power to AN
in the low SNR regime; the rate loss due to the eavesdropper
is =N, log(N,/(Ny + Nio)) — Neclog(Ne /(N2 + Noo))
bits/sec/Hz in the high SNR regime and nearly negligible in the
low SNR regime. The derived results also show that equal power
and water-filling power allocations lead to similar solutions and
rate loss. Simulation results corroborate the theoretical results.

Index Terms—Artificial noise, beamforming, MIMOME, MI-
SOME, physical layer security, power distribution, precoding,
secrecy capacity, wire-tap channel.

I. INTRODUCTION

ULTIPLE-INPUT MULTIPLE-OUTPUT (MIMO)
techniques are widely used in contemporary commu-
nication systems owing to their ability to increase channel
capacity and diversity gain. Recently considerable research
has been conducted into the potential use of multiple-antenna
techniques for achieving security in the wireless physical layer.
In 1949, Shannon introduced an information theoretic formu-
lation of communication security in his work [1]. Subsequently,
Wyner in [2] formulated the transmission secrecy problem, in
which a transmitter sends information to a legitimate receiver
which is also intercepted by an eavesdropper via the so called
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wire-tap channel. He defined and analyzed the secrecy capacity
using Shannon’s theory, and these ideas have since been widely
used in research on physical layer security. Notably the au-
thors in [3] considered the secrecy capacity for multiple-input
single-output (MISO) channels assuming that the CSI (channel
state information) of both the legitimate receiver and the eaves-
dropper is known to the transmitter. In this case, the capacity
is achieved by beamforming/precoding toward a direction that
is as orthogonal to the eavesdropper as possible, while simul-
taneously being as close to the legitimate receiver as possible.
This result was extended by the same authors to a 2 x 2 MIMO
channel in [4]. The secrecy capacity of MIMO channels has
been further widely treated, e.g., [S]-[11]. The authors in [12]
considered the secrecy capacity for MISO channels with mul-
tiple eavesdroppers, i.e., so-called MISOME (multiple-input,
single-output, multiple-eavesdropper) channels. A bound on the
capacity of MISOME channels was derived assuming that the
CSI from both the legitimate receiver and the eavesdropper is
known to the transmitter. The MIMOME (MIMO, multiple-
eavesdropper) channels were investigated by the same authors
in [8].

When the CSI of the legitimate receiver and the eavesdropper
is known to the transmitter, several studies have investigated the
optimal transmit covariance matrix and the corresponding char-
acteristics for maximizing the secrecy capacity. For example,
in [13] transmitting signals in the positive directions of the dif-
ference channel has been shown to be a necessary condition for
optimality. Also, an explicit closed-form solution for full-rank
covariance matrices was proposed, while in [14], the full-rank
solution was extended by the same authors to a rank-deficient
case, where the null space of the direct channel is in the null
space of the indirect channel. The authors in [14] also consid-
ered the situation in which only limited CSI of the eavesdropper
is known to the transmitter. The authors in [15] independently
proved that full rank is a necessary and sufficient condition for
the optimal transmit covariance using a different approach. In
addition, they also showed that when the covariance is deficient,
there exists an equivalent set of channels and a full-rank transmit
covariance matrix that achieve the same secrecy capacity.

The use of artificial noise (AN) to impair the receive quality
of the eavesdropper was proposed in [16]. This scheme is also
called “masked beamforming” in MISO channels [12], and
“masked precoding” in MIMO channels [8]. We will call this
method “AN precoding” in this work. AN precoding systems
assume that the eavesdropper is passive, and that the CSI of the
eavesdropper is unknown to the transmitter. For a total transmit
power P, AN precoding systems use partial power, say 6P,
to transmit data, and allocate the residual power, (1 — 6)P, to
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transmit the artificial noise, where 0 < # < 1. The authors of
[16] have shown that the AN precoding scheme guarantees a
positive secrecy rate even if the noise variance of the eaves-
dropper approaches zero, i.c., under the situation in which the
eavesdropper is very close to the transmitter. The performance
of AN precoding systems with limited feedback was evaluated
in [17]. A generalized scheme based on the AN precoding
system for MISOSE (MISO single-eavesdropper) channels
was proposed in [19], where the AN can be transmitted in the
signal direction, not necessarily in the null space of the direct
channel. The authors in [12] also analyzed the performance of
AN precoding systems in MISOME channels, and showed that
it is close to optimal in MISOME channels when the number of
transmit antennas is large and the SNR is high; the performance
for MIMOME channels was analyzed in [8].

Although the authors in [8], [12] and [16] have derived per-
formance bounds for AN precoding systems, it is still unclear
how to allocate the power between the transmit data and the
artificial noise to maximize the average secrecy rate. In [17],
the authors showed by simulation that when only limited feed-
back is available, the AN precoding scheme sometimes per-
forms worse than the conventional precoding scheme (without
AN precoding) [18]. Thus it is not clear whether or not one
should add artificial noise if one is not sure about the appro-
priate value of #. Inappropriate power allocation in AN pre-
coding schemes can lead to a serious degradation of secrecy rate.
Although simulation may be used to determine suitable values
of #, this is time consuming and different parameter settings
such as changing SNR and numbers of antennas lead to different
optimal values of #. Thus if closed-form solutions for optimal
values of # were available, it would help us gain greater insight
into AN precoding systems. The discussions above motivate us
to investigate the following questions: 1) are there closed-form
optimal (or approximately optimal) solutions for § for maxi-
mizing the secrecy rate? 2) What is the maximum rate loss due
to the eavesdropper in such systems, i.e., the difference between
the secrecy rate of AN precoding systems and the traditional
MISO/MIMO achievable rate without eavesdroppers?

In this paper, we investigate the average secrecy rates of
AN precoding systems in MISOSE, MISOME and MIMOME
channels with large numbers of transmit antennas and moderate
numbers of receiver antennas. Systems with large numbers
of antennas are usually regarded as massive MIMO systems,
and have attracted considerable research attention recently,
e.g., see [20]-[22]. In massive MIMO systems, base stations
are equipped with very large numbers of antennas, possibly
tens to hundreds of antennas [22]. We derive theoretical lower
bounds on the average secrecy rate in MISOSE, MISOME and
MIMOME channels. The bounds become tight as the number
of transmit antennas increases; thanks to the tight low bounds,
closed-form solutions for # to maximize the average secrecy
rate are available. From the suggested solutions, we have the
following interesting findings:

First, for MISOSE channels, the suggested solution of ¢ is
1/2 in the high SNR regime, and is 1 in the low SNR regime;
the corresponding average rate loss due to the eavesdropper, i.e.,
the difference between the secrecy rate of the AN precoding
system and the traditional achievable rate without the eaves-
dropper, is 2 bits/sec/Hz in the high SNR regime, and is nearly
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negligible in the low SNR regime. Moreover, for MISOME and
MIMOME channels, the suggested solution is # = N,./(N, +
N, .), in the high SNR regime, and is # = 1 in the low SNR
regime, where IV, and IV, . are the numbers of receive antennas
at the legitimate receiver and the eavesdropper, respectively;
the corresponding average rate loss due to the eavesdropper
is _NT IOg(NT/(Nr + Nr,e)) - ]\rr,e IOg(‘Nr,E/(Nr + N7‘~,E))
bits/sec/Hz in the high SNR regime, and is nearly negligible in
the low SNR regime. It is interesting to note that in the low SNR
regime the proposed # is 1, and the corresponding rate loss for
MISOSE, MISOME and MIMOME channels are all negligible.
Thus, there may be no need to use AN precoding in the low SNR
regime. On the other hand, although the results for MISOSE and
MIMOME channels are not the same in the high SNR regime,
they still have some similarities. To see this, if NV, = N, . in
MIMOME channels, the suggested solution is § = 1/2 and the
corresponding rate loss is IV, + N, . = 2N,.. Although the rate
loss increases linearly with NV,., if one considers that the achiev-
able rate of the legitimate receiver also increases linearly with
N,., this loss is reasonable; normalizing the rate loss by V.., it be-
comes 2 bits/sec/Hz, which is the rate loss in MISOSE channels.
Furthermore, in MIMOME channels, we evaluate equal power
allocation and water-filling power allocation. These two power
allocations are commonly used in traditional MIMO communi-
cations. We find that both schemes have similar solutions for
¢ and rate loss due to the eavesdropper. Note that the optimal
power allocations may be obtained via optimization methods if
certain conditions are available to the transmitter. Finally, sim-
ulation results are provided to demonstrate the accuracy of the
theoretical results. We also learn from the results that inappro-
priate values of # indeed seriously degrade the performance.

The rest of this paper is organized as follows. The system
model and problem formulation are presented in Section II. The
secrecy rate, the proposed power allocation and the maximum
rate loss for MISOSE, MISOME and MIMOME channels are
analyzed respectively in Section III and Section IV. More
specifically, for MIMOME channels, equal power allocation
and water-filling power allocation are considered separately in
Section IV-A and Section IV-B. Simulation results are provided
in Section V. Our conclusions are summarized in Section V1.

Notation: Boldfaced lowercase letters and boldfaced upper-
case letters denote vectors and matrices, respectively. E{x} and
a2 denote, respectively, the mean and variance of the random
variable z. A* denotes the conjugate of the matrix A, while A
is the conjugate-transpose of A.. R{x} and 3{z} denote respec-
tively the real and the imaginary parts of the complex number
x. det(A) is the determinant of A, and Tr(A) is the trace of
A. diag(-) forms a diagonal matrix with the elements inside the
brace. (z)T = max(z, 0) for areal variable z. || A || is the Frobe-
nius norm of A.

II. SYSTEM MODEL AND PROBLEM FORMULATION

This work considers downlink transmission, in which the
transmitter (Alice) has N; transmit antennas, the legitimate
receiver (Bob) has N, receive antennas, and the eavesdropper
(Eve) has N, . receive antennas. We assume that the transmitter
knows full CSI of Bob, but only channel statistics of Eve. We
further assume that N, is large, and in particular is much larger
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than N, and &V, .. To maximize the achievable rate, the trans-
mitter sends NV, data streams. Let x be an N,, x 1 data vector.
x is precoded by an N; x N, precoding matrix F', and then
transmitted to the legitimate receiver via an N, x N, MIMO
channel H. The signal is also received by the eavesdropper via
an N, . x N, wire-tap channel H.. The elements in H and
H. are assumed to be independent and identically distributed
(i.i.d.) complex Gaussian with distribution CA/(0, 2), where the
variance 2 is to reflect that each of the real and the imaginary
parts has unit variance. In this paper, we adopt the scheme
proposed in [16], where partial transmit power is used for
the artificial noise. The artificial noise lies in the null space
of H. Let the Ny x (N; — N,.) null space be Z, such that
HZ = 0. The artificial noise is represented as Zv, where
v is an (N; — N,.) x 1 complex Gaussian noise vector with
covariance matrix o2I. For the legitimate receiver, the received
signal can be expressed as

y = HFx + n, )

where n is an independent V. X 1 Gaussian noise vector with co-
variance matrix o2 1. For the eavesdropper, the received signal
is given by

yve =HFx+H.Zv + e, 2)

where e is an independent IV, . X 1 Gaussian noise vector with
covariance matrix 031. Let the covariance matrix of x be K.
The maximum achievable rate of the legitimate receiver is given
by [24]

1 .
C = logdet (INT + —QHFKmFTH'> . 3)
071

The maximum achievable rate of the eavesdropper can be ex-
pressed as [16], [24], [28]

C, = log det (JEINM +H.FK,FTH + Hezz"'Hlja?,)
~logdet (UEINM + HeZZTHirfE) . @
From (3) and (4), the following secrecy rate can be achieved:
Cye = C = C.. ®)

The goal is to maximize the average secrecy rate, i.e., E{C;.} =
E{C} — E{C.}, where the expectations are with respect to the
precoder and random channels. Since the eavesdropper is pas-
sive, the channel information of H,, is not available to the trans-
mitter. Under this situation, it is reasonable to use the N, sin-
gular vectors corresponding to the NV, largest singular values of
H as the precoder [3], [16]. Thus the goal becomes to determine
how to distribute the power between K, and o2 to maximize
Cse. Let the total transmit power be P. The problem can thus
be formulated as follows:

max E{C,.} s.t. E{x'x}+ (N, - N.)o2<P. (6)
K, .02 i

The AN precoding systems in MISOSE, MISOME and MI-
MOME channels are analyzed in the following sections.
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III. ACHIEVABLE RATE IN MISOSE CHANNELS

This section analyzes the achievable rate for MISOSE chan-
nels. Similar procedures will be used for analyzing MISOME
and MIMOME channels. In MISOSE channels, N,, = 1 and K,
becomes o2, which is the average power of the transmit data.
Since the artificial noise vector is of dimension (N; —1) x 1, the
power constraint becomes o2 + (N; — 1)o? < P. On letting § P
be the power for data transmission, and (1 — #) P be that for the
artificial noise, we have 02 = P and o2 = (1 —6)P/(N; —1).
Let ht be the 1 x N, MISO channel of the legitimate receiver,
and h! be the 1 x IV, wire-tap channel of the eavesdropper. The
precoder is

h
f=—. 7
I 2

Define SNR = P/o2 and SNR, = P/o2. From (3) and (4),
the achievable rate of the legitimate receiver becomes

P . .
C =log (1 + 6—2|h’f|2> =log (1 + #SNR|h'E)?),  (8)
T

i3

and the achievable rate of the eavesdropper becomes

P |hif|
Co=log |1+
o2+ 02 [niz]
6SNR, |hif|”
=log |1+ wizl | )
1+ (1 - 6)SNR, ==

To analyze C' and C., we need the statistics of [hif|”, [hif|’
and ||h1Z||2. The following lemmas will help in the analysis.
Lemma 1: When the precoder in (7) is used, the value of
|hif |2 converges in probability to 2N, as N, approaches cc.
Proof: Please see Appendix A. ]
Lemma 2: The random variable |H,f||? has the x? distribu-
tion with 2V, . degrees of freedom.
Proof: Please see Appendix B. ]
Lemma 3: When N, approaches oo, the achievable rate of the
eavesdropper C,. can be ap%oroximated by a concave function of
the random variable |hlf|", and E{C.} can be approximately
upper bounded by

(10)

: 26SNR.
E{C.} = log (1 + ) .

1+ 2(1 — 6)SNR.

Proof: The following equation is useful in the derivations
for MISO and MIMO channels:

IHL|? = [H.F|® + | H.Z|?, (11)

where the columns of F € C™* X are the N, right singular
vectors corresponding to the maximum NV, singular values of H
andZ € CN*V:=N) s the null space of H such that HZ = 0.
(11) can be easily proved by first noting that FF' + ZZT =T,
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since F' and Z form an orthonormal basis. Then (11) is obtained
by left and right multiplying by H, and taking the trace. From
(9) and (11), we have

6SNR, |hif|®

(I[P - [nt]*)
N, -1

Ce=log |1+

(12)
1+ (1 — 6)SNR,

Usin% arguments similar to those used for proving Lemma 1,
|hi||” = 2N; as N, — oc. Hence (12) can be approximated by

9SNR, |hif|”
(2Nt7 nlf

Ny—1

1+

C. =~ log

~ | (3
1+ (1 - 8)SNR, )

From Lemma 2, ||hif ||2 has the x? distribution with two de-
grees of freedom, and its mean is [E{|hlf|2} = 2. Thus, it is
reasonable to say 2/N; > |hi/f|2 because N; > 1. Hence, we
can further approximate (13) by

(14)

ASNR, |hif|”
1+2(1- 6)SNR, |’

C. = log (1 +

which is a concave function of |H.f|>. Applying Jensen’s In-
equality to (14) leads to the result in (10). [ |

Theorem 1: When N, approaches oo, the average secrecy rate
for MISOSE channels can be approximately lower bounded by

E{Csc} Z log(1 + 2N;8SNR) — log <1+ T 22(fS—N;§ENRe)
(15)

Proof: From (8) and Lemma 1, we have
E{C} = log(1 + 2N;8SNR). (16)
Together with Lemma 3, this theorem is proved. [ |

Discussion 1: Accuracy of Theorem 1: Please note that the
approximate bound in (15) is a true bound when N, is suf-
ficiently large so that the approximation in (16) is accurate.
When N; is not sufficiently large, the bound in (15) may no
longer be exact and it should be considered, instead, to be an
approximation.

In general, however, the approximation in (16) is quite accu-
rate. Consequently, the confidence in saying that (15) is indeed
a bound is high. To see this more clearly, we discuss E{C'} and
E{C.} respectively as follows: For E{C'}, some numerically
feasible closed-form solutions can be found in [25] and [26].
More specifically, from (8) and [26]

o—20SNR N1 1
ElO) = In(2) ;E"“(zesm)’

where F,, () is the nth order exponential integral given by

efmt
E'Il(fE) :/ m dt

1

(17)
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Simulation result
— — — Proposed approximation
/ — - — Theoretical result

-10 dB /”’JI"

2t -

Achievable rate: bits/sec/Hz
)
>
o
w

0 20 40 60 80 100
Nt

Fig. 1. Comparisons among the theoretical, simulation, and approximation
results.

Let § = 1/2 and SNR = —10, 10 and 30 dB. Fig. 1 shows

the Monte Carlo simulation result, proposed approximation in

(16), and the theoretical result in (17) for E{C'}. From the figure,

the approximation in (16) is generally accurate; for instance, for

N: > 6, the rate difference between the approximation in (16)

and the theoretical result in (17) is less than 0.1 bits/sec/Hz.
Now let us investigate E{C. }, which is defined as

E{Cc} = En, {Ef{C.}}. (18)
That is, the expected value is obtained by averaging over dif-
ferent precoding vectors and channels. Let us first assume the
channel between the transmitter and the eavesdropper is fixed
and analyze E¢{C. }. This situation may apply in fixed commu-
nications, in which both the transmitter and the eavesdropper

do not move so that the indirect channel stays unchanged for a
2N, (1—6)SNR, _ SNR{#N;—1)

long period. Define ¢; =1 + N, 1 %= T N,T o
az = %, and b = % We have the following
corollary:

Corollary 1: When [hif|> < band ||hf||” is fixed, C, in (12)
is a concave function of [h{f |2, and hence Es{C, } can be upper
bounded by

26083NR.
[Ef{Ce} < 109, 1+ (| h' 272) (19)
1+ (1= 0)SNR. g
Proof: Letx = |hif|2. From (12), we have
C. =log (w) . (20)
alp — asx

It is obvious that a1, as > 0 for N; > 1. Also, as > 0 for
¢ > 1/N;. From (20), taking the first derivative of C, yields

% o 1 as + as
dr  In(2) \ay +asxr a1 —azx )’

(e2))
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200 : :
SNR, 0dB
180 — SNR, 10dB
160H — — SNR¢ 20dB .
SNR, 30dB
140H .
120+

Value of b
S
o

@
o
T

60+

40+

0 20 40 60 80 100
Nt

Fig. 2. Value of b.
From (21), when z < a4/as, dgb > (); in this case, C, is
a monotonically increasing function of z. Taking the second
derivative of C, leads to

0C. 1 —a3 ?
0. _ 1 B4 B ) 2
9z In(2) \ (a1 + a22)? (a1 — azx)?

ayg(as —az)

Sasas = b,

52 . .
ddﬁ < 0; in this case,

From (22), when z <

C, is a concave function of [h]f |2, and one can apply Jensen’s
Inequality to (12) and obtain (19). [ |

Now let us evaluate the probability that &z < b so that C. is
a concave function of x, and (19) is exactly an upper bound.
Let# = 1/2 and ||h;f||2 = 2N,. The value of b as a function
of N, for different values of SNR. is shown in Fig. 2. Observe
that as the value of SNR. decreases, the value of b increases.
Also, we see that b tends to be unchanged when the value of
SNR. increases to a certain level. The larger the value of b is,
the higher probability that the bound in (19) holds. For example,
when SNR, = 10dB, b = 7.25 for N; = 8, and b = 16.25 for
N; = 16. Since x has the x? distribution with two degrees of
freedom, the probability Pr{« < b} is 0.9734 for N, = 8, and
0.9997 for N; = 16, respectively.

If the indirect channel is not fixed, from (19), the average rate
E{C.} = En {E¢{C.}} is upper bounded by

20SNR.

[E{Cc} S Ehs 1+

log o

2_2) bl

14 (1 fsnr, L
(23)

where ||hl||° has the x? distribution with 2NN, degrees of
freedom. To the authors’ knowledge, a simple closed-form
solution for (23) is not available. Let # = 1/2. Fig. 3 shows
the proposed approximate bound, i.e., E{C.} in (10), and
the Monte Carlo simulation results for (23). Observe that
the approximate error is less than 0.1 bits/sec/Hz. Also, the
error decreases as N; increases because ||hl||2 converges in
probability to 2N, when N, approaches co. Moreover, the
approximation is more accurate in the low SNR regime than in
the high SNR regime. From the discussion above, we conclude
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Fig. 3. Comparisons between the simulation and approximate results for C'. .

14

— Simulation result
— — — Proposed approximation (Thm. 1)

121
20dB

10t - 1

Achievable rate: bits/sec/Hz
[e}

0 20 40 60 80 100
Nt

Fig. 4. Comparisons between the simulation and approximate results for C'. .

that the proposed approximations for E{C'} and E{C.} in
Theorem 1 are generally accurate.

To compare the ergodic secrecy rate ;. = C — C,, we as-
sume for convenience of presentation 02 = o2. Fig. 4 shows the
approximate result for E{C.} proposed in (15) and the corre-
sponding Monte Carlo simulation result (by using (8) and (9)).
Observe from the figure, that the approximate result is generally
a lower bound when N, is sufficiently large.

Let Cy be the achievable rate without considering the eaves-
droppers; that is, Cyy can be obtained by letting # = 1 in C'. To
gain greater insight into the results in Theorem 1, we continue
to assume that 02 = o2, which results in SNR = SNR,, to
have the following corollaries and remark.

Corollary 2: In the high SNR regime (SNR > 1), as N; —
oc, the rate loss due to the eavesdropper in MISOSE channels,
i.e., the difference between the secrecy rate and the achiev-
able rate without the eavesdropper, can be approximately upper
bounded by

E{Co} — E{Cs.} < 2 bits/scc/Hz.

The proposed value of § is g = 1/2.
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Proof: When SNR > 1, the bound in (15) can be approx-
imately bounded by

1-6
= log(2N:SNR) + log (8(1 - 6)) .

E{C;.} = log(2N,#SNR) — log (1 + L)
24

Since log is an increasing function, the value of log x is max-
imized when z is maximized. Hence taking the derivative of
g(1 — 8) in (15) in terms of #, and letting it be zero, the op-
timal value of 6 is #p = 1/2. This solution meets the con-
straint that 0 < 6 < 1. Substituting # into (24) and because
Co = log(2N.;SNR), this corollary is proved. [ ]

Corollary 3: In the low SNR regime, as N; — oo, the rate
loss due to the eavesdropper in MISOSE channels, i.e., the dif-
ference between the secrecy rate and the achievable rate without
the eavesdropper, can be approximated by

E{Cy} — E{C,.} ~ 0.

The proposed value of # is 8y = 1.
Proof: Since the denominator of
equal to 1, we have

260SNR

m 1S greater or

T 22(fS—N;SNR < 26SNR. (25)
Since N; > 1, the following inequalities hold:
2N0SNR > 20SNR > o 22(§S—N§)SNR' (26)
From (15) and (26), the secrecy rate is approximated by
E{Cs.} ~ log(1 + 2N,6SNR), (27
where the maximum value occurs when # = 1. In this case,
there is nearly no rate loss. ]

Remark 1: From Corollaries 2-3, it is interesting to note that
for AN precoding systems in MISOSE channels, the approxi-
mate rate loss is either O or 2 bits/sec/Hz. From the discussion
above, a simple rule for the values of # in MISOSE channels
is letting y = 1/2 for SNR > 1 and letting 6y = 1 for
SNR « 1.

Corollary 3 suggests that when the number N; of transmit an-
tennas is large and the SNR is small, AN precoding only slightly
affects the performance. Thus, the power should all be allocated
for signal transmission. It is worth pointing out that when NV, is
small, the generalized AN precoding for MISOSE channels in
[19] suggested not to allocate the AN power in the null space
of the direct channel. Instead, most of the AN power should be
allocated in the signal direction. When N; grows, according to
[19], the performance improvement due to the generalized AN
decreases. That is, when NV, is sufficiently large, the generalized
AN and the conventional AN precoding should achieve compa-
rable performance.

IV. ACHIEVABLE RATE IN MISOME AND

MIMOME CHANNELS

The MISOME channels may be regarded as a special case
of MIMOME channels by letting N, = 1. Thus we discuss
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MIMOME channels directly. In MIMOME channels, the trans-
mitter submits /V,. data streams to maximize the achievable
rate of the legitimate receiver. We discuss two popular power
allocation methods in MIMO communications, namely the
equal power and the water-filling power allocations. Note that
if the transmitter knows the statistics of the channel between the
transmitter and the eavesdropper and the channel is not i.i.d.,
the transmitter may use the information of the covariance ma-
trix of the channels at the eavesdropper to design the precoder,
using ideas similar to those used for single-user MIMO without
an eavesdropper considered in [27]. For the equal power and
the water-filling power allocations, when the SNR is high,
the equal power allocation achieves comparable performance
to the water-filling power allocation [28]. These two power
allocations schemes are discussed separately as follows.

A. Equal Power Allocation
For MIMO systems with equal power allocation, the covari-

ance matrix of the data vector is K, = U:%INT. For notational
convenience, we define

A =H.FF'H! and B=H.ZZH!, (28)

where recall that the precoding matrix F consists of the right sin-
gular vectors corresponding to the maximum V,. singular values
of H. Also, let h; _ be the ith row of H.. Since

Nyo2 + (Ny— Np)o? < P,

letting 02 = #P/N, and 02 = (1 — §)P/(N; — N,.), we can
rewrite (4) as

apP 1-9)P
€. = onder (o2, + A+ (B )
1-)P
- 10g dCt <O'P2‘Ij\'r)ﬁ + (]Vt—_Z)VTB) . (29)

Again, letting SNR = P/o? and SNR, = P/o? yields
ASNR.

(1 —#)SNR.
C. =logdet | In, A B
ogde (\_H+ N, + N, — N,
(1 —6)SNR,
—logdet [ In ~————B).
og det ( N,.. Tt NN, (30)

The statistics of the two determinant terms in (30) are discussed
in the following lemmas.

Lemma 4: When N; — oo and Ny > N,., the last term in
(30) can be approximated by

Nre
(1—#)SNR, 3 (1-6)SNR,
ot | Ty ~———B|= 1+—[Bli; |,
det ( Noye + Nt —N,, g + Nt —N,. [ ]LL :
(31
where
, 2
[B];; ~ 2N, — ‘ h'FH . (32)
Proof: Please see Appendix C. ]

Discussion 2: Accuracy of Determinant Approximation:
Consider further the determinant approximation in (31). Ac-
cording to [29], given a Hermitian matrix M, its diagonal
matrix D and off-diagonal matrix O, the normalized error for
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the determinant approximation depends on the radius of the
matrix p = p(D10), and is bounded by

det(D) — det(IM) 2 . 1
0 <N, 02, ifp< ——
ST damy S eern o<y G
From (31), let
(1 - 6)SNR.
M =1y ——(B;+B,) =D+ 0,
S A (Ba+B.) +0,

where B, and B, are the diagonal and the off-diagonal matrices
of B respectively, and

1 - #)SNR,

o (1— 0)SNR,
D — If\/,.yc + Nt — Nr

O=———"8B,.
Nt - T

(34

2N,. Hence, D10 can

B,; and

From (32), when N; > N,, [B]:; ~
be approximated by

(1 —#6)SNR.
N,)(1+2(1—6)SNR,)
SNR. > 1;
SNR. <« 1.

D 'O ~

(Ne —

1
N 3, =~y Bo
~9y a- G)S\RCB

N;—N

(35)

In the proof of Lemma 4, since [B];; ~ CN(0,2(N; — N,.))
(see (67)), the elements of D10 are distributed as follows:

CN( , 7) SNR. > 1;
[D~'0];; ~ ;(11N ) Sl>\TR (36)
e (0, 205N ) | SNR, < 1.

The radius p of a matrix is the absolute value of its maximum
eigenvalue. Taking N, = N,. . = 2 for instance, the eigenvalue
of D10 is +,/[D10];,[D
Rayleigh distribution [23], i.e.,

Rayleigh (%\/ﬁ) . SNR. > 1;

p ~
Rayleigh (/5251 - 0)SNR. ), SNR, < 1.

(37)
From (37), the radius is highly affected by N, in both high
and low SNR regimes. For example, when SNR, > 1,
Pr{p < 1/N?_ = 1/4} > 0.9996, for N; > 64. Thus, when
N; > 64, the second condition in (33) that p < 1/N?_ holds
with very high probability. When N, > N, the p will be

near its mean value p with high probability If a realization

s = T l 1
of pisp = o4/ = ) 5, the normalized error is

bounded by N,..p*> < 8. 014 x 1073 for N; = 100. If the true

determinant value is, for instance 128, the corresponding rate is
log(128) = 7; the approximate determinant value is bounded

~10]2;. In this case, p has the
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Lemma 5: The first term in (30) can be upper bounded by

, HSNR. (1 —8)SNR,
det (IM_( + N A+ NN, B)
s QSNR (1 - #)SNR,
Ay +—————[Blu .
E[ ( A+ LL) . 39)
where

(Al = ‘ hTFH (39)
Proof: Please see Appendix D. ]

Lemma 6: When N, approaches oc, the achievable rate of the

eavesdropper C. can be approximated by a sum of V. . concave
N 2 '

functions of the random variables ||h; F| ", where 1 < i <

N, .. In addition, E{C.} can be approximately upper bounded
by

(40)

2
E{C.} 5 N, log ( ISNR. )

1+2(1 — 0)SNR.

Proof: From (30) and Lemmas 4-5, C, can be approxi-
mately bounded by (41), shown at the bottom of the page. Since
Ih! ,F||" has the x? distribution with 2N,. degrees of freedom,
its mean is 2N,.. Thus, when N, > N,., it is reasonable to say

2
2N > ||hjeF|| . Hence (41) can be further approximated by

(42)

=S log | 1 -
’~;°5 +1+z(1—9)

which is a sum of IV, . concave functions of thTaFH2 By using
Jensen’s Inequality, the mean value of C', can be approximately
bounded by (40), which completes the proof. [ |

Next let us discuss the statistics of the achievable rate of the
legitimate receiver. The following lemma is used to approxi-
mate the achievable rate.

Lemma 7: Extreme Eigenvalue Approximations [30]: When
N approaches oo, the maximum eigenvalue A, 4, of HH' con-
verges in probability as follows:

2
)"maw po2|1+ N‘r‘
Ny — VN

and the minimum eigenvalue A,,,;,, of HH' converges in prob-
ability as follows:

(43)

2
by 128 + 128 x 8.014 x 10~2, which results in an achievable Amin pal1— Ne ) (44)
rate being 7.0115. Ny — Ny
N [|b] | N,.
14 6SNR. 5 +(1 H)SNR N, =N : A#SNR

C. < log H QM 5 = log H + Rk

14 (1 — #)SNR, i=1 14+ (1 —6)SNR. 7&
(41)
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Lemma 8: When N; — oo and N; > N,, the achievable
rate of the legitimate receiver can be approximated by

2Nt€SNR>

o (45)

C =~ N, log (1 +

Proof: Please see Appendix E. ]

It is worth mentioning that the same approximate result as in

(45) can be obtained by using the property that det(I+ AB) =

det(I+BA), and the asymptotic property that HTH converges
to 2N Iy, as N; — oo, mentioned in [31].

Theorem 2: When N; approaches oo and N; > N,., the av-

erage secrecy rate for MIMOME channels can be approximately

lower bounded by

E{Csc} = Ny log (1 + Wﬂ)

N,
26SNR,
1+2(1— ﬁ)SNRe) - 46)

—N,.log (1 +

Proof: The theorem is a direct result of Lemma 6 and
Lemma 8. ]
To gain greater insight into the results in Theorem 2, again,
we assume o> = o2, which leads to SNR = SNR,, to have the
following corollaries and remark.

Corollary 4: In the high SNR regime (SNR > 1), as N; —
oc, the rate loss due to the eavesdropper in MIMOME chan-
nels, i.e., E{Cy} — E{C,.}, the difference between the secrecy
rate and the achievable rate without the eavesdropper, can be
approximately upper bounded by

N, N.. .
_EV,,. 1Og(m)—N,.7e log (W) bltS/SeC/HZ.

The proposed value of ¢ is

N,

o v —— "
" N.+N,.

Proof: When SNR. > 1, the bound in (46) can be approx-
imately bounded by

2N,0SNR 9
- T . _ - —
E{C,.} 2 N,log (—NT ) N, . log (1 + 9)

2N,SNR

r

=N, log ( ) +log (9‘\7*(1—9)N*“) . (47)
The first term in (47) is irrelevant to . Since log is an in-
creasing function, the value of log x is maximized whenever x
is maximized. Taking the derivative of ™ (1 — 8)™~< in (47)
in terms of @, and letting it be zero, the optimal value of 8 is
8o = N, /(N, + N..). This solution meets the constraint that
0 < 6 < 1. Substituting ¢y into (47) and using the fact that
Co =~ N, log (M) , this corollary is proved. |

Corollary 5: In the low SNR regime, as N; — oo, the
rate loss due to the eavesdropper in MIMOME channels, i.e.,
E{Co} — E{C,.}, the difference between the secrecy rate and
the achievable rate without the eavesdropper, can be approx-
imated by

E{Cy} — E{C,c} ~ N, log(1 + 2SNR).
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The proposed value of # is 8y = 1.

Proof: From the last log term in (46), when SNR <« 1, the
value (1 + 2(1 — #)SNR) Z 1. This approximation leads to the
following inequality:

20SNRR 1+ 2SNR -
= < 14 2SNR.
I12(1—0)SNR _ 1+2(1-@)SNR ~
(48)

The approximate bound in (46) becomes

2N 0SNR

E{C..} = N,log (1 :
{Cse} 2 og(+ N

) — N, .log(1 + 2SNR).

(49)
From (49), E{Cs.} is maximized when # = 1. In this case, the
rate loss is given by

E{Co} — E{C\.} = N, .log(1 + 2SNR).  (50)

Note that from (49), when N, =~ N, . and § = 1, the rate loss
in (50) is negligible because
Ny
N,

N, log (1 + 25NIR > > N, .log(l+ 2SNR),
due to the fact that V; > N,.. In this case, it is reasonable to
say that there is nearly no rate loss. ]
Remark 2: According to Theorems 1-2 and Corollaries 2-5,
in the low SNR regime, the proposed value of 8 is 1 and there
is nearly no rate loss when precoding systems are used in both
MISOME and MIMOME channels. On the other hand, in the
high SNR regime, the results for MIMOME channels depend on
N, and N, .. However, when N, = N, ., the resulting value
of 6 for MIMOME channels is the same as that for MISOSE
channels, i.e., #y = 1/2; also the rate loss for MIMOME chan-
nels is N, + N,.. = 2N, which increases linearly with NV,.. It
is worth mentioning that the results for MISOSE channels can
be regarded as a special case of MIMOME channels by letting
Nr = Nr.e =1

B. Water-Filling Power Allocation

Since the CSI at the eavesdropper is not available to the trans-
mitter, the power allocation is determined solely by the CSI at
the legitimate receiver. Recall that x is of dimension N,. x 1,
and the average transmit power o2 is given by

1
2 _ T
= E{x'x}. 51
Let the covariance matrix of the transmitted signal be
K. = diag (Uildil ol ) = o2diag(aiay - an,),
(52)

where o; is a power allocation coefficient such that (Tii = ;02

From (51) and (52), we have

N,

Tr(K,) =00 > a; =E{x'x} = N,o}. (53)
i=1
From (53), we have
B »
- a; = 1.
N, i=1
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Because E{x'x} = 6P, from (51), 07 = £E. With water-
filling power allocation, the achievable rate of the legitimate

receiver is given by [28]

N,

C = Zlog(l—l— z
1=1

IL

6P 1
: §1 1 X\
)= = 1°g< rog )

N,

SNR
= Zl ( oy ) (55)
where A; is the ¢th eigenvalue of HHT, and aﬁi with water-
filling power allocation is
o2 = (7 ' (56)
x; H )\i ’
with z chosen to satisfy the power constraint Zf\:l ofi =6P.

«y; 1s available when o is obtained.

Lemma 9: When Nt approaches oo, the achievable rate of
the eavesdropper C. can be approximated by a sum of N, .
concave functions of the random variables z;;l ai|h1'76fj| ,
where 1 < ¢ < N, .. Also, E{C.} can be approximately upper

bounded by

(57

E{C.} = N, .log ( 205NR. )

1+2(1 — 6)SNR.

Proof: From (4), (28), (30) and (52), allocating power only
affects the matrix A. Now A = H.FD,F'H!, where D, =
diag(eya - - - @y, ). Hence the elements of A are

Yo
S o (06 (WL6) i £d

The random variable «; is correlated with the eigenvalues ;.
By using the new definition of A in (58), €, can be represented
by (30). Using arguments similar to those in Lemmas 4-6, C,
can be approximately bounded by

bt i=j:

[A];; = (58)

C. S log |1+ OSNR, ==y, (59)
N 1+2(1—6)SNR, |’

2
which is a sum of N, . concave functions of Zj e a;h! f;| .
By using Jensen’s Inequahty and from (59), the mean Value of
C. is bounded by

psnry, 2t ELe bl
T30 05N

E{C.} S ) log |1+ . (60)
=1
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According to [32], the singular values are distributed indepen-
dently of the corresponding right singular vectors. Hence, «; is
distributed independently of f;. From (54), E{«; } = 1, we have

the following equality:
2
} =2. (61)

E {ai 2} — E{a;}E { ‘h}'&f

Using (60) and (61) leads to the result in (57). ]

Theorem 3: When N, approaches oc and N; > N, the
average secrecy rate for MIMOME channels with water-filling
power allocation can be approximated by (62), shown at the
bottom of the page, where v is defined as

hi,e

N,
=1

Proof: From (40) and (57), it is interesting to note that
E{C.} with equal power and water-filling power allocations is
theoretically bounded by the same form. Thus the difference in
E{Cs.} between these two power allocations is mainly deter-
mined by E{C}. In the high SNR regime, using equal power
allocation achieves nearly the same value of E{C} with that
obtained by using water-filling power allocation [28]. Hence,
E{C.} with water-filling power allocation is nearly the same as
that with equal power allocation.

For low SNRs, substituting the approximation log(1 + ) =
xlog e into (55) and (57) yields the result in (62). ]

Using arguments and derivations similar to those in Corol-
laries 4-5, and assuming o2 = &2, we have the following two
corollaries.

Corollary 6: Using water-filling power allocation in the high
SNR regime, as V; — oc, the rate loss due to the eavesdropper
in MIMOME channels, i.e., E{Cy} — E{C.}, the difference
between the secrecy rate and the achievable rate without the
eavesdropper, can be approximately upper bounded by

N, N,
,NT log (W) **Nr,e log (NIT) bltb/beC/HZ

The proposed value of § is

Ny

Oy = ———.
°" N, +N..

Corollary 7: Using water-filling power allocation in the low
SNR regime, as N; — oo, the rate loss due to the eavesdropper
in MIMOME channels, i.e., the difference between the secrecy
rate and the achievable rate without the eavesdropper, can be
approximated by

E{Co} — E{C,.} =~ 2N, .SNRIoge.

~SNR _ 2N, .SNR.
N, 1+2(1-9)SNR.

E(Cu} ~ '

) log e bits/scc/Haz,

2N, 6SNR 7 20SNR..
N, log (1 + T) — ]\/r,e log (1 + T72(1_A)SNR.

SNRN; < 1 and SNR, <« 1;
(62)
)bits/sec/Hz, otherwise,
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The proposed value of 4 is 8 = 1. The rate loss is negligible
when Ny > N, = N, .

From Corollaries 2 and 6, in the high SNR regime, the rate
loss with and without water-filling power allocation is nearly
the same. This is reasonable because water-filling power alloca-
tion tends to be equal power allocation as SNR grows [28]. On
the other hand, in the low SNR regime, the rate loss with and
without water-filling power allocation is also close according to
Corollaries 3 and 7. This is also reasonable because the achiev-
able rate of the legitimate receiver is much larger than that of the
eavesdropper regardless of whether or not water-filling power
allocation is applied. Consequently, AN precoding only slightly
affects the secrecy rate, and all power should be allocated for
signal transmission in the low SNR regime.

V. SIMULATION RESULTS

In this section, simulation results are provided to verify the
accuracy of the theoretical results as well as demonstrate how
the proposed values of # improve the performance. The theo-
retical results are plotted according to the proposed theorems
and corollaries Again, for convenience of presentation, we let
02 = 02 and thus SNR = SNR.. The simulation results are
obtamed by conducting Monte Carlo simulation for 10° dif-
ferent channel realizations. The number of transmit antennas
Ny = 100 is used if it is not otherwise specifically mentioned.

Example 1: Theoretical and Simulation Results in MISOSE
Channels: Let N, = N, . = 1. The average secrecy rates
for MISOSE channels are shown in Fig. 5, where the achiev-
able rate without considering Eve, i.e., E{Cy}, is also shown to
serve as a performance benchmark. Observe that the simulation
results match well with the theoretical results. First, the average
secrecy rate does obey Theorem 1. Second, when SNR > 1,
the optimal value of @ is around 1/2 and the corresponding rate
loss is around 2 bits/sec/Hz, which corroborates the results in
Corollary 2. Third, when the SNR decreases, the rate loss de-
creases; the optimal value of § is around 1 and the corresponding
rate loss is negligible when SNR <« 1 (see the curve with
SNR = —20 dB), which corroborates the results in Corollary 3.
Moreover, we also see from the figure that the rate loss is large
if an inappropriate value of # is applied. As for the proposed
value § = 1/2, although the optimal value of f is not exactly at
1/2, the achievable rate obtained by the optimal value of # using
simulation is very close to that obtained by the proposed value
of #. To see this more clearly, Fig. 6 shows the achievable rates
obtained by simulation and the proposed values of § as functions
of SNR. Observe that the proposed values of # achieves compa-
rable rates to those obtained via simulation (see the circles and
dots). This shows that the proposed values of ¢ are indeed good
solutions for AN precoding systems.

Example 2: Theoretical and Simulation Results in MISOME
and MIMOME Channels: This example shows the average
secrecy rates for MISOME and MIMOME channels. For MI-
SOME channels, let N, = 1 and N, . = 2. For MIMOME
channels, let N, = 4 and N, . = 4. The average secrecy rates
for MISOME and MIMOME channels are shown in Figs. 7 and
8, respectively, where the achievable rates without considering
Eve, i.e., E{Cy}, are also provided to serve as performance
benchmarks. Performance trends similar to those in Example 1
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are observed from these two figures. First, the average secrecy
rate indeed fellows Theorem 2 well. Second, when SNR, > 1,
the optimal value of # is around N, /(N, + N, .) (1/3 in Fig. 7,
and 1/2 in Fig. 8) and the corresponding rate loss is around
— N, .log (A:\ﬁ) bits/sec/Hz (2.755
in Fig. 7, and 8 in Fig. 8), which corroborates the results in
Corollary 4. Third, when the SNR decreases, the rate loss
decreases; the optimal value of 6§ is around 1 and the corre-
sponding rate loss is negligible when SNR <« 1 (see the curves
with SNRR = —20 dB in these two figures), which corroborates
the results in Corollary 5. As for the proposed value of 0,
although it is not exactly the optimal value, the achievable rate
obtained by the optimal value of # via simulation is very close
to that obtained by the proposed value of 8. To see this more
clearly, Figs. 9 and 10 show the achievable rates obtained by
simulation and the proposed values of # as functions of SNR
for MISOME and MIMOME channels, respectively. Observe
that the proposed values of # achieve rates comparable to those
obtained by simulation (see the circles and dots in the two

~ N, log («—
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figures). This again shows that the proposed values of ¢ are
indeed good solutions for AN precoding systems in MISOME
and MIMOME channels. Finally, it is worth pointing out that
in the high SNR regime, the gap between the simulation and
the theoretical results is more pronounced when the value of 6
is close to 1, see e.g., the curves with SNRR = 20 dB in Fig. 7.
This is reasonable because referring to (38), when the value of
# and SNR increase, the matrix A affects the approximation
significantly. For N,. # 1, the approximation is more accurate
for N, > N, than for N, < N, .. Fortunately, when N, .
increases, the optimal value of f tends to be small according
to Corollary 4, and the proposed approximation is accurate for
small values of #. As a result, the proposed values of § can
still lead to achievable rates comparable to those obtained via
simulations (see the circles and dots in Fig. 9).

Example 3: Proposed Values of 8 for Different SNRs: Let-
ting N, = 2, the proposed value of # as a function of the SNR is
evaluated for different values of N, ., and is shown in Fig. 11 for
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51 ——— Water-filling power allocation 7
— — — Equal power allocation

Achievable rate: bits/sec/Hz

Fig. 12. Comparison of equal power and water-filling power allocations; V; =
100, N, =4and N, . = 4.

1 T T T T
Simulation result with Eve
— — — Asymptotic result with Eve (Thm. 3)|+

Achievable rate: bits/sec/Hz

Fig. 13. Simulation and theoretical results with water-filling power allocations;
Ny =100, N, =4and N, ., = 4.

MIMOME channels. Observe that as SNR increases, the value
of # drops quickly from 1 to N,./(N, + N,..). The rapid transi-
tion explains why the suggested values of # in the high and low
SNR regimes, i.e., N,./(N,. + N, .) and 1 work well and can
nearly achieve the performance of the optimal solution of § as
observed in Examples 1 and 2.

Example 4: Comparison of Equal Power and Water-Filling
Power Allocations: Let N, = N, . = 4. This example com-
pares the performance of AN precoding with equal power
and water-filling power allocations. The simulation results are
shown in Fig. 12. Observe that the water-filling power alloca-
tion outperforms the equal power allocation in the low SNR
regime. The performance improvement of the water-filling
power allocation becomes less pronounced when the SNR
increases. This is not surprising because we have shown in
Theorem 3 that in the high SNR regime the secrecy rates
for the water-filling power and the equal power allocations
are bounded by the same form. Hence the theoretical results
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Achievable rate: bits/sec/Hz
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Fig. 14. E{C..} asafunction of§ for MIMOME channels; N; = 16, ,. = 2
and N, ., = 2.
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Achievable rate: bits/sec/Hz
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Fig.15. E{C,.} asafunction of§ for MIMOME channels; N, = 16, N,. = 4
and N, . = 4.

derived for the equal power allocation can be applied for the
water-filling power allocation in the high SNR regime. Fig. 13
shows the theoretical and simulation results for water-filling
power allocation in the low SNR regime. From the figure,
we can see that the theoretical result in Theorem 3 becomes
accurate when the SNR decreases.

Example 5: Accuracy of Approximations for Moderate Num-
bers of Transmit Antennas: This example investigates the accu-
racy of the approximations when N, is not sufficiently large for
the asymptotics to hold. Let N; = 16, which is an acceptable
number of antennas with current technology. The secrecy rates
as functions of ¢ are shown in Figs. 14 and 15, respectively.
Observe that the proposed values of # can still provide reason-
able solutions in this case. Also note that when #V, is not suffi-
ciently large, the theoretical result is no longer a lower bound
because the approximations in (16) and (45) are no longer ac-
curate. Under this situation, the lower bounds in the theorems
may be considered, instead, to be approximations.
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VI. CONCLUSION

We have analyzed the secrecy rates and derived lower
bounds for AN precoding systems in MISOSE, MISOME
and MIMOME channels. When the number N; of transmit
antennas is sufficiently large, e.g., N; = 100 in the examples,
the derived bounds are tight. When the value of N, is moderate,
e.g., N = 16, the proposed power allocation can still provide
a reasonable solution. Closed-form solutions for the nearly
optimal power allocation were obtained from these bounds.
We have made several interesting findings as follows: In the
low SNR regime, we should distribute zero power to artificial
noise in MISOSE, MISOME and MIMOME channels. The
corresponding rate loss due to the eavesdropper is negligible.
This result suggests that there may be no need to use AN
precoding in the low SNR regime, because the effect due to the
eavesdropper is minor. If the numbers of receive antennas at the
legitimate receiver and the eavesdropper are comparable, i.e.,
N, = N,., in the high SNR regime, we should distribute half
of the power to artificial noise for both MISOSE and MIMOME
channels; the corresponding rate loss due to the eavesdropper
normalized by N, is 2 bits/sec/Hz. Moreover, the theoretical
results have shown that equal power and water-filling power
allocations have similar trends in the optimal values of f and the
rate loss. The simulation results have confirmed the accuracy
of the theoretical results.

APPENDIX

A. Proof of Lemma 1

Using the property that the sample mean equals to the ergodlc
mean i.e., the weak law of large numbers, we have [hf |
Z 1 R( )|2 ~ N:E{|n(i)]*} as N; — oo, where h(i) is
the Lth element of the vector h. Since h(7) is with CN(0,2),
|(7)|? has the x? distribution with two degrees of freedom.
Thus E{|A(i)|?} = 2 (see [23]). This proves the lemma.

B. Proof of Lemma 2

|H )2 = S hjﬁef| is the ith row of H,.
Because the elements of H; . are i.i.d. Gaussian, h;r’,,‘f are i.i.d.

T
where h;

2
Gaussian with zero mean and variance [E{|h)?’ef |} = 2 for
i=1,2,---N,.,ie, 111'7ef ~ CN(0,2). Therefore ||H.f|?
has the x? distribution with 2N, . degrees of freedom.

C. Proof of Lemma 4

This approximation is proved by arguing that B is approxi-
mately diagonal, i.e., [B];; > [B];;. From (28) and (11), the ith
diagonal element of B is

[Bii =

2 2
b1 Z| " = Jhi)? - |nl E|

(64)

From Lemma 1, ||h; . ||* =~
be rewritten as (32).

2N; as Ny — oo. Hence (64) can
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The elements of the 1 x V,. vector hj_’eF are i.i.d. CA(0,2)
random Variabzles, because the columns of F' are orthonormal.
Thus ||hlLCF|| has the x? distribution with 2N, degrees of

2
freedom, and its mean value [E{||hjtF|| } = 2N.,.. Therefore,
when V; > N,., we can approximate (32) by

The off-diagonal element of B at the ¢th row and the jth
column is

[B];; =h! ZZh; .
The elements of the 1 x (N, — N,) vector h! ,Z are i.id.
CN(0,2) random variables, because the columns of Z are or-
thonormal. Hence hJr ZZ h; . is the sum of N, — N, i.i.d. com-
plex Gaussian product variables. Applying the Central Limit
Theorem, h}L'eZZThJ—,E is approximately complex Gaussian dis-
tributed with zero mean and variance 2(N; — N,.), i.e.,

(66)

[B];; ~ C\ (0,2(N; — N,)). (67)
From (65) and (67), [B];; is frequently much greater than the
real and the imaginary parts of [B];,. For example, let N; =
100 and N, = 4, from (67), the probability that R[B];; or
3[B];; is larger than 2.58¢ is smaller than 1%. Here, [B];; =
2N = 200 and this value is indeed much greater than £[B];; or
3[B]i;, which is approximately 2.58v/N: — N, ~ 25.3. That

is, Pr{R[B];; or Y[B];; > 25.3¢} < 0.01.

D. Proof of Lemma 5

The bound in (38) can be obtained by using the Hadamard
Inequality, where the equality holds when A and B are both di-
agonal matrices. Using a procedure 51mrlar to that in Lemma 4,
itis easy to show that [A];; = ||h F|| which is x? distributed
with 2N, degrees of freedom. Also, [Al;; = hT FF h; . isthe
sum of N, i.i.d. complex Gaussian products. Smce it is not ap-
propriate to apply the Central Limit Theorem for [A];; and [A];;
when N, is not sufficiently large, we use a bound rather than an
approximation in this lemma.

E. Proof of Lemma 8

The precoding and the postcoding matrices are the right and
left singular vectors corresponding to the largest /V,. singular
values. Applying the precoding at the transmitter side and the
postcoding at the receiver side, the achievable rate of the legit-
imate receiver in (3) can be expressed as [28]

N,

SN
C:Zlog(l—i—eNR)\i),

i=1 "

(68)

where A; is the :th eigenvalue of HH'. Pair the N, non-zero
singular values as follows:

C= 21 ( 0gNRA,L>+1og<1+

7‘ T

9SNR
N N,—i+1 -

(69)
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According to [30], the smaller the value N,./N; is, the less
spread the eigenvalues is. Hence we may approximate the pairs
in (69) by the pair with the maximum and the minimum eigen-
values. From Lemma 7, we approximate (69) by

ooV (1 2VOSNR (TN,
cg 8 N, VN,

o 12 2VOSNR ([N,
7 V8 N, N,

N, (. 4NSNR# (2N, SNR#\’
~ o log| 1k +< N ) . (70)

where the last approximation is due to the assumption that N; >>
N,.. The last equation in (70) leads to (45). Please note that in
(70), we have used a linear approximation for approximating the
sum of the eigenvalues. For N; > N.., this linear approximation
is generally satisfactory. The reason is that from Lemma 7, when
N, /N, decreases, the difference between the maximum and the
minimum eigenvalues decreases. That is, the dynamic range of
the eigenvalues decreases. Hence, when IV, > N, the linear
approximation may still lead to a satisfactory result.
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