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Abstract

Block transmission with cyclic prefix is a promising technique to realize high-speed data rates
in frequency-selective fading channels. Many popular linear precoding schemes, including or-
thogonal frequency-division multiplexing (OFDM), single-carrier (SC) block transmission, and
time-reversal (TR), can be interpreted as such a block transmission. This paper presents a unified
performance analysis that shows how the optimal precoding strategy depends on the optimiza-
tion criterion such as capacity, mean-square error, and secrecy. We analyze three variants of TR
methods (based on maximum-ratio combining, equal-gain combining and selective combining)
and two-types of pre-equalization methods (zero-forcing and minimum mean-square error). As
one application of our framework, we derive optimal precoding (i.e., OFDM with optimal power
and phase control) in the presence of interference limitation for distributed antenna systems;
we find that without power/phase control, OFDM does not have any capacity advantage over
SC transmissions. When comparing SC and TR, we verify that for single-antenna systems in
the high SNR regimes, SC has a capacity advantage; however, TR performs better in the low
SNR regime. For distributed multiple-antenna systems, TR always provides higher capacity, and
the capacity of TR can approach that of optimal precoders with a large number of distributed
antennas. Furthermore, we make an analysis of secrecy capacity which shows how high-rate
messages can be transmitted towards an intended user without being decoded by the other users
from the viewpoint of informationtheoretic security. We demonstrate that TR precoding can be
the best candidate among the non-optimal precoders for achieving high secrecy capacity, while
the optimal precoder offers a significant gain over those non-optimal precoders.
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Capacity, MSE and Secrecy Analysis of Linear
Block Precoding for Distributed Antenna Systems
In Multi-User Frequency-Selective Fading Channels
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Abstract—Block transmission with cyclic prefix is a promising the propagation channels [2]. Several transmission schemes are

technique to realize high-speed data rates in frequency-selective ysed for fourth-generation cellular and other advanced wireless

fading channels. Many popular linear precoding schemes, includ- o mmynication systems to cope with this situation:
ing orthogonal frequency-division multiplexing (OFDM), single-

carrier (SC) block transmission, and time-reversal (TR), can be o Multi—carrier transmission, in particular orthogonal
interpreted as such a block transmission. This paper presents frequency-division multiplexing (OFDM), has been

a unified performance analysis that shows how the optimal adopted for most high data-rate wireless standards, in-
precoding strategy depends on the optimization criterion such

as capacity, mean-square error, and secrecy. We analyze three cluding WIMAX, WiFi (802.11a, g, n), and the downlink

variants of TR methods (based on maximum-ratio combining, of the 3GPP LTE.
equal-gain combining and selective combining) and two-types o Single-carrier (SC) block transmission, combined with
of pre-equalization methods (zero-forcing and minimum mean- frequency-domain equalizations, is used in situations

square error). As one application of our framework, we derive

optimal precoding (i.e. OFDM with optimal power and phase where the transmitter can avoid high peak-to-average-

control) in the presence of interference limitation for distributed power ratios, e.g., the uplink of 3GPP LTE.

antenna systems; we find that without power/phase control, e Time-reversal (TR) is another transmission technique that
OFDM does not have any capacity advantage over SC trans- has gathered great interest in the past few years [3—
missions. When comparing SC and TR, we verify that for single- 16] since it has a potential to decrease effective channel

antenna systems in the high SNR regimes, SC has a capacity
advantage; however, TR performs better in the low SNR regime.

For distributed multiple-antenna systems, TR always provides  All of the above techniques can be interpreted as linear
oplimel procoders wih 5 large number of cisrmuted antennas, DIoCk Precoding schemes sing cyclic prefix (CP); the choice
Furthermore, we make an analysis of secrecy capacity which of precoder determme; Whether OFDM’ SC: or TR is used.
shows how high-rate messages can be transmitted towards an'While there are extensive literature dealing with each of those
intended user without being decoded by the other users from methods separately, there is — to the authors’ best knowledge

the viewpoint of information—theoretic security. We demonstrate  — no unified performance analysis, which makes a theoretical
thaf[ TR precoding can b_e t_he b_est candidate among thg non- comparison amongst them.
optimal precoders for achieving high secrecy capacity, while the . .
optimal precoder offers a significant gain over those non-optimal ~ Distributed antenna systems and base station (BS) cooper-
precoders. ation [2], where spatially separated transmitters cooperate for
Index Terms—Distributed antenna systems, cooperative di- transmission of sigrllals_, have recently gatherec_l interest as a
versity, linear block precoding, frequency-selective fading, Method for decreasing interference and enhancing throughput
information-theoretic security in cellular systems. In a simple, yet highly effective, scheme,
the different BSs linearly weight the signals, so that they
superpose in a desired way at the receiver. The combination of
BS cooperation with block precoding is considered the most
S data rates are constantly increasing, wireless transnggomising method for high-speed, high-spectral efficiency
sion systems require larger bandwidths, that makes the@mmunication in future cellular networks.

Manuscript received 13 December 2009; revised 25 May 2010; accepted'ﬂ)oqrtar_]ce for evalugtmg the advantage O'f coopera_tlve com-
July 2010. This study is partly reported in IEEE GLOBECOM 2009 [1]. Thenunications. Increasing data rate for an intended inner-cell

major difference lies in the more detailed evaluations and the novel secreg¥ar while maintaining low interference to cell-edge users
analysis contained in this paper.
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I. INTRODUCTION



to raise the security level, it is foreseen that physical-layall of which are equipped with only one antenna. In this sys-
security based on information-theoretic perfect secrecy shiim, a cooperative diversity transmission technique is adopted
become a significant factor in the near future [17-21]. amongst some neighboring base stations around mobile users.
In this paper, we focus on a distributed base station codf¥e focus on block transmissions, where one transmitting block
eration technique and present a unified performance analygigsists of L information symbols and atl.,-symbol CP.
for various types of linear block precoding schemes, includinge assume a block fading channel, in which the channel
several types of TR schemes, OFDM, SC transmissions (mmains constant over the duration of a transmission block.
unitary precoding), and pre-equalization schemes. For compahe precoding for each cooperating transmitters is done based
ison, we derive the optimal precoder based on three differemt the instantaneous channel impulse responses. We assume
criteria: i) to maximize link capacity for optimal receiversa simplified (tap-spaced) channel model with independent
ii) to minimize mean-square error (MSE) for low-complexityRayleigh fading of each tap: Lét, ,,(p) € C be the channel
minimum MSE (MMSE) receivers, and iii) to maximizeimpulse response fgu7T; delayed wave(( < p < P.) from
secrecy capacity for secure communications. Multiple actitiee m-th transmitter to the:-th receiver forl <m < M and
receivers (“interference-exposed victim” or “eavesdropper]l) < n < N. Here,T; is the symbol duration. Unless stated
as well as multiple distributed transmitting antennas (namebtherwise, we suppose that all the propagation delays and the
cooperative base stations) are taken into account. The chléftributed transmitter’s asynchronous lags are absorbed by the
contribution of this paper lies in to provide several exampl€3P length.
for the usefulness of our framework, as summarized below. Through a backbone network, source data is distributed
« We derive an optimal precoding scheme, which requirés all A/ transmitters. At each transmitter, the corresponding
modified water-filling for power allocation, in distributed-modulation data (or, codeword) € CE*! is multiplied with
antenna multi-user systems. a block linear precoding matri®,, € CE*E, After padding
« We show that at low SNRs, TR always performs bettavith the CP, the precoded block is transmitted to ih¢h
than SC. However, in the single-antenna case, SC preceiver, which in turn discards the CP and obtains
vides higher capacity than TR at high SNRs if the cyclic

prefix is long enough. M R
« We confirm that TR performs better than other non- Yp= > HymPrz+ 2z, 2 How + 2, 1)
optimal schemes when we exploit multiple distributed m=1

antennas for cooperative transmissions. Ll Il Ll
. We derive a scaling law which shows how the us@herey, € C**%, H,,, € C**%, andz, € C"" denote

of multiple antennas can increase the capacity of Tihe received signal sequence, the (time domain) channel ma-
trix, and the additive white Gaussian noise, respectively. The

compared with that of SC. _ M T L :
. In addition, we analyze the secrecy capacity [17—2ffatXHn =3, Hym Py € C+ denotes the effective

to discuss information-theoretic security of various pr&-@nnel matrix which combines the precoded channels from all
coders for applications, in which confidential messagé@e cooperating transmitters to theth user. We assume unity-

. = R )
are transmitted to only one intended user without beirfg'¢'9¥Y moc!ulatlon%[:cazﬂ =1, andE[z,2f] = oI, with
eavesdropped by other users. a noise variance of“, whereI; denotes thd.-dimensional

. . . " o
The remainder of the paper is organized as follows: Secti|dnent|ty matrix, and[-|" denotes the Hermitian transpose. For

e : e simulation in Section VI, we make further assumptions
Il sets up the system model of distributed antenna multl-usekg T .
about the channel statistics; namely that each delay tap is

communications, and presents the mathematical formulatiﬁn . : ' - .
. leigh fading, the power delay profile exhibits a single
of the most existing precoders. The performance measures 0 . ¥ .
capacity, MSE, and secrecy are addressed as well Sec?c))(ﬁ)onent'al decay, anl[H , ,, Hnm] = pomlr With pp,p
' ' : toeing the the path loss between theth transmitter and

Il derives the optimal precoder for different criteria among, L .
: . . The n-th user. The transmission power is controlled by the
all the possible linear block precoders; subsequently Section

. : . . ) {ecodeer. When we havetr[PmPT | = LE,, whereE,,
IV derives a capacity scaling law which presents the imp . m .

; . IS the transmission symbol energy at theth transmitter,
of multiple antennas on the capacity advantage of TR ov re received signal-to-noise power ratio (SNR) at théh
SC. Information-theoretic secrecy capacity for TR and S 9 P

L . ) . ; r m E , 2 Wi ransmission power
precoders is discussed in Section V. The link capacity, MSE®S be_co €8 Empn.m)/0 - Ve put a transmission powe
constraint so that the transmission power does not exceed the

and secrecy capacity comparisons are followed by a summary . - ;
y capacity P y m¥1X|mum limit, £,,, < E5, where E; denotes the maximum

and conclusions. allowable transmission energy per symbol. Without loss of
generality, we suppose that the first user £ 1) is the
intended destination to receive the precoded message.

With a sufficiently long CP, we can write the channel matrix

IIl. DISTRIBUTED ANTENNA SYSTEM WITH LINEAR
BLOCK PRECODING

A. System Description in the cyclic Toeplitz matrix form:
Fig. 1 shows the system model, in which we considér
distributed transmitters (or, cooperating base stations) and one Pon—1
intended receiver as well @ — 1 unintended receivers (either H, = Z P (p) ITP 2)
“interference-exposed victims” or “legitimate eavesdroppers”), p=0
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Fig. 1. Distributed antenna systems with linear block precoding for multi-user frequency-selective fading channels.
whereIl € Z%XL being a cyclic shift matrix, defined as 2) Multi-Carrier OFDM Signalling: The precoding matrix
for OFDM signalling is expressed as
0 o0 -~ 0 1]
T — o (3) Wwhere a diagonal matrix,, € CL*L determines per-
0 1 . ol X . : .
subcarrier power allocation at the-th transmitter. It is well—
: . . .0 known that optimal power allocation for one—to—one commu-
o --- 0 1 0] nications is generally obtained by water filling. If we cannot

adopt such a power control (perfect channel state information
Note that every column vector of the channek not available at the transmitter), we should generally use
matrix H,, consists of the tapped delay linea constant power allocation®,, = 7,,I;, which makes

[, (0), (1), - s (Pen — 1)]. The channel the OFDM signalling one of the unitary precoding schemes
matrix H,, ., is related to the (diagonal) frequency-domaibecause the DFT matri¥' is a unitary matrix.
channel matrixG,, ., € C*** as 3) Time-Reversal (TR) Precodinghe original TR scheme

[3-7] has the following precoding matrix:
Hn,m = FGn,mFTa (4)
P, = 'r]mHLm- (7)
where the unitary matrixt € CE*% denotes the discrete

Fourier transform (DFT), whosék, [)-th entry is expressed Not€ that the normalization factor becomes, =
as - exp(—j2rki/L) LE,,/|[H} |? for this case in order to have[P,, P ] =
- .

LE,,. It means that the precoded block with the maﬂ{m
is a filter output from the tapped delay line consisting of

B. Block Precoding Matrix the channel respons@hy ,,, (Pun — 1), hi ,, (1), 75, (0)]
which is the time-reversed version of the tapped delay line
We now describe several block transmission schemes whigh ,,,(0), 211, (1), . .. , hi1,m (P, —1)] for the original channel

include SC (or equivalently, unitary precoding), OFDM, thrematrix H, ,,,. Because it is a kind of pre-equalization schemes

variants of TRs and two types of pre-equalization methodsased on maximum-ratio combining (MRC), we refer to it as

Through appropriate choice of the precoder ma#ty,, the MRC-TR.

signal model described above can represent all of those blockn [8], a one-bit TR scheme is introduced, in which the

transmission schemes. precoder only controls the phase of the tapped delay line
1) Single-Carrier (SC) Unitary Block Transmissiothe according to the channel response. Its precoding matrix is

precoding matrix for the SC block transmission is given asexpressed as follows:

Ppp—1

Py =nnIL %)
’ P, = nm( Z
p=0

h1,m (p) p)T ot
(] ) e O
wheren,,, denotes a normalization factor so that the resulting
transmission symbol energy becomgs, (i.e., n,, = v/E,, which only requires phase information of the channel impulse
for this case). The above expression indicates that the SC tramsponse. The matrixﬁLm € CE*L denotes the phase-
mission is one of the unitary precoding schemes, employisgnchronized version of the channel matfi, ,,. Since this

a specific unitary matrix r,, TR scheme performs in the same way as the pre-equalization



based on equal-gain combining (EGC), we call it EGC-TR 2) MSE for MMSE EqualizationThe MMSE linear equal-
hereafter. ization is known as a low-complexity algorithm especially

In a similar manner, we introduce a TR scheme bas&dhen applied to the frequency-domain operations. The MMSE
on selective B-branch combining (denoted by SLC-TR) asqualization achieves the following MSE at theh user:
follows:

B-1

Pm = nm(z hl,m(pb)ﬂpb>
b=0 It is known by Verdr’s theorem [22] that the link capacity and

where p, represents the path index whose channel strenddSE are closely related to each other. We should, however,
|h1.m (ps)|? is theb-th largest one. It is a kind of the pre-rakeote that a specific precoder which can achieve higher capacity
method. In this paper, we use two-tap filter (i.8.,= 2) for ~does not always offer better MSE performance. This motivates

simplicity. us to evaluate different performance measures for comparing

4) Linear Pre-equalization:We consider pre-equalizationSeveral precoders. o o
schemes based on zero forcing (ZF) and MMSE criteria, 3) Secrecy Rate for Confidential Message Transmissions:

whose precoder matrices are respectively expressed as follof¥s:outlined in the literature studying information-theoretic
security [17-21], we can transmit confidential data to a certain

P, =nmHY,, (Hy mH} )7, (10) intended user without being decoded at the other unintended
P, = anJ{ m(Hl,mHjl- 40T (11) users, using Wyner's encoding strategy. The achievable rate
’ ’ is, however, decreased by the link capacity of unintended
Here, the normalization factoy,, is appropriately set to have users for Gaussian channels; more specifically, the achievable

() ]
en=—tr ([(Io+=H Hn, . (13)
T’ ) L ( LT 52 )

tr[P,,P},] = LE,,. The ZF pre-equalization can achievesecrecy rate is written as follows:

the inter-symbol interference (ISI) free environment. However,

it can degrade the transmission power efficiency when the Rg = {min }{Cl — (Jn} , (14)
ne{2,...,N +0

channel response exhibits deep fades. Therefore, the MMSE
criterion which takes account of average distortion level at thghere [2],, = max(z,q). Basically, we require higher re-

receiver is generally better than the ZF pre-equalization.  ¢ejyed SNR at the intended user than at the other eavesdrop-
ping users for secure communications.

C. Performance Measures: Capacity, MSE, and Secrecy

The main purpose of this paper is to compare various 1. OPTIMAL PRECODER
precoding schemes described above for distributed antenn? thi . deri timal di hich |
systems. To compare them, we consider three types of p ph tis section, we derive optimal pr.ec.o Ing which IS
formance measures: i) the achievable link capacity, ii) th eS|gned accqr(_jm_g to three different crllter.|a, to maximize fink
achievable MSE performance, and iii) the achievable secret acty, to minimize MSI.E’ and to maximize secrecy rate. As
rate. The achievable link capacity is an important performance can see in the follqwmg, these optl_mal precoders are al
measure for optimal receiving algorithms, whereas the M sed on OFDM signalling, while the optimal power allocation
performance is suited for MMSE low-complexity receivers o1o from each other.
We discuss the achievable secrecy rate [17-21] from the
view point of information-theoretic security, which qualifies Optimal Precoder for Maximizing Capacity
the rate at which data can be securely sent to an intended = _ _ ] o
receiver without being eavesdropped by the other receiversYVe first derive an optimal precoder which maximizes capac-
Note that we can consider other performance measures sli¢/gonstrained on the transmission power and the interference
as peak-to-average power ratio, outage capacity, complexIBI,V'Ct'm receivers. The optimization problem is described as
and error probability. Nevertheless, our unified analysis on 1 1
capacity, MSE and secrecy still gives us useful insights into themax I In det (IL + 027-117-11) , (15)

fundamental characteristics for cooperative communications. '™ ™ y

1) Capacity for Optimal Receiver=or an optimal receiver, [ n }
. . . R <
the link capacity for then-th user, for a particular channel st LM ﬂtr PP < B, (16)
realization, is given as 1

St [’H,J-LL} <E,, forall2<n<N, (17)
with E being the maximum symbol energy for transmission
which is normalized by the bandwidth af/7;. Here, we andE, being the allowable interference energy at each unin-
neglect the loss of spectral efficiency due to the CP. Note thahded receivers. As shown in the detailed derivation in Ap-
the capacity equation can employ either time- or frequencgyendix A, the solution is written in the form d?,,, = F®,,. It
domain representations of the channel, sidee(FAFT) = indicates that the optimal precoder is OFDM with appropriate
det(A). The Ergodic capacity is obtained by averaging theer-subcarrier power control even for multi-user distributed
capacity for all the possible channel realizations. antenna systems.

1 1
_ - 1
Cp = 7 Indet (IL +— ”Han) (12)



Appendix A shows that we need to satisfy the following:. Optimal Precoder for Maximizing Secrecy Rate

Karush-Kuhn-Tucker (KKT) condition: We write the optimization problem for maximizing achiev-

) N able secrecy rate as follows:
H{ i (o*1 + HIH1) = NP+ Y MH M,

1 1 ¥
o a5 (a7 Indet (IL + nguml) R, (25)
1 & ;
where),, are the Lagrangian multipliers. Note that the optimal .. LM Z fir [Pum} < B, (26)
power allocation is not given by the conventional water-filling 1 m=1 1
for N > 2. Without interference limitation ¥ = 1), the — Indet (IL + —2?-Ln7-tl) <R, 27)
optimal power allocation of theé-th sub-carrier for then-th N g
antenna becomes for all 2 < n < N. The optimization paramete® denotes the
link capacity of the best eavesdropper amongst all the possible
. 1 o2 G (i) active unintended users.
P (i) = {/\1 - |91(i)2} o llg @’ (19) Shown in Appendix C, the KKT condition is given by

_ gt 2 i -1
where G, ., (i) is the i-th diagonal entry of the frequency- MPr = Hy o Ha (08T + HiHa)

domain channel matri%+,, ,,,, and the vecto ) is defined N _
" Y, (1) - Z NH oy (02T + HIH,,) ' (28)

asg,, (i) =[G}, (1), G »(i), ..., G2, (i)]". We can see that

distributed antennas shall form the MRC diversity transmis- n=2

sions and use the conventional water filling power allocatiQphere 22722 A = 1. Again, its solution is given by

for the single-user cas® = 1. OFDM signalling P,, = F&,,. In the Appendix, it
is verified that the optimal precoding vectap(i) =
[@1(7), D2(i),...,Prp(i)]T is a linear combination of MRC

B. Optimal Precoder for Minimizing MSE beamformergy, (i), g,(i),...,g5(i). As an example, for the

- o . two-user case = 2), we obtain the optimal precoder
In a similar way, the optimization problem to achieve

minimal MSE, when the receiver uses MMSE equalizers, is _ _ . Lgh()g (i)
described below @(1) = (@) | (M +£(i)g1(7) — ”(Z)W.‘b(l) )
1 1 -1 (29)
{rgin} Ztr {(IL—I—UQ'HJ{Hl) } , (20)
" o where k(i) = [lg2(0)|2/ (02 + AI¢?(i)lgh(1)g:(1)?). The
1 i]<g 21 real—-valued parametérs) is an amplitude control factor. Note
5.0 LM Z o {Pum} - (1) that the optimum precoding described above is a combination

m=1

1 of two beamforming vectors: one is the MRC beamformer to
Wtr {%n%;} <E,, foral2<n<N. (22) maximize the SNR at the intended user and the other is the
nulling beamformer to minimize the SNR at the unintended
The derivation of optimal solution can be found in Apuser. The optimal precoder converges to the nulling beam-
pendix B, where we derive the following KKT condition: ~ former in the high SNR regimes because— 0 for o> — 0.

aZHi_m’Hl (O_QIL n HI’Hl)iQ: NP, + XN: /\nHIL,m'Hn- IV. MRC-TR VERSUSSC: CAPACITY SCALING LAW
n=2 This section describes a scaling law which shows the capac-
(23) ity advantage of MRC-TR over SC with respect to the number
o ) ) of distributed antennad/. We confirm that the MRC-TR does
_ Its solution is expressed in the form &, = F'®,,, which o offer petter performance than does the SC for the high SNR
is also based on OFDM signalling. However, the optimalgime if we use only one transmitter. However, distributed

power allocation differs from the one for maximizing capacity,, iti-antenna systems enable the MRC-TR to outperform the
because we have different KKT conditions. The optimal pow&f- \we derive the following scaling law:

allocation requires a modification from the conventional water
filling for any arbitrary number ofV, as shown in Appendix.
For instance, the optimal power control is obtained as

« For high SNRs, the capacity gap between MRC-TR and
SC asymptotically increases in a logarithmic manner as
a function of M.

« For low SNRs, the capacity ratio between MRC-TR and

a 0P G (9) SC has a linear increase with respectito
Mllgi @12 g1 (D12 | g1 @Il As well as the above-mentioned scaling law, we obtain a lower

bound and an upper bound of the link capacity for the SC and
for the single-user caseV = 1). the TR precoders.

2

¢7YL (Z) = [



A. Unitary Precoder and MRC-TR Precoder |t| > 1 and obtain

The_ SC precoderR,, = n,,I1) provides the following O so ~ /OO " E 1, ie—t/Mdt
capacity of ’ 0 o? M
ME;
L L1 1 5 =In 24?1 —E; (34)
_ - o . g
Cisc = 7 ; ln<1 + o2 ‘Z anLm(l)‘ ) (30) . 5 /oo N E.pi 2 M—1 ot
B IR o2 (M = 1)!

When each distributed transmitter has an identical transmission M-1 B
power, we can write)2, = E; for all 1 < m < M. Note -9 (Z — —7E> +In Sgl, (35)
that any arbitrary unitary precoding (including OFDM without m=1"" g

power control, i.e.,P,, = n,F) offers exactly the same where 4, ~ 0.58 is the Eulers constant. Therefore, the

capacity as the one given above. Hence, OFDM without pgfapacity advantage of the MRC-TR precoder over the unitary
subcarrier power/phase control has no advantage over the ecoder can be written in the following way:

transmission.
In contrast, the MRC-TR precodeP(, = an}m) gives
the following capacity:

M-1
Citr — C15c = 2 m2=1 peo (In(M) + &)

~In(M-1)+ve, (M>1), (36)

L—-1
1 1 )\ 2
Crrr = L Z ln(l + ;(Z N |G, (1)] ) ) (31)  where the last approximation results from the fact that the
i=0 m harmonic numbei»~"1/m can be well approximated by

For the case when the transmission power is identical for alin(M(M — 1)) + yx for large M.

the distributed antennas, we hayg = E,/52 wherey2 =  Fromthe derivation above, we can see fiatrr —C sc ~

L5 |Gy, (9)[? is the average channel gain. .ln(]\/.[ — 1) + g is logarithmically .|nc'reased witld/, which
implies that a larger number of distributed antennas can take
more advantage for the MRC-TR precoder compared to the

B. Asymptotic Capacity of Unitary and MRC-TR Precodersunitary (SC) precoder. Note thaf, sc > Cirr by ye for
M = 1, while otherwiseC; s¢ < Cirr. Therefore, MRC-

For the purpose of analytical derivations, we assume thek can be worse than SC by:/ In(2) ~ 0.84 bps/Hz for high
Gy.m(i) has a complex Gaussian distributiB®V (0, p.) (..,  SNR in the single antenna case. The opposite happens for the

Rayleigh fading with path 1089, = p, for any n,m), case in which multiple antennas are used: wh¢n= 2, the
the channel coherence bandwidth is much smaller than $hievable gain i€ tr — C1.sc ~ (2—In(2) —g)/In(2) ~

considered system bandwidth, ang§i = p, for large packet | o5 bps/Hz.
length. These assumptions imply that the probability distri- 2) | ow SNR RegimeFor low SNRs (/E,p; /0% < 1),

bution functions of| 3- G1,m(i)[?/p1 and 32 |G1,m(i)[*/p1  approximatingln(1 + t) ~ ¢ for |t| < 1, we obtain
follow an exponential distribution with meam/ and a chi-

square distribution witlk M degrees of freedom, respectively. Crsc ~ / E57§1t %e*t/Mdt — ﬂ;m’ (37)
Using the probability density functions of the channel gains, 000 g Mt g
we can obtain the asymptotic capacity for the unitary precodes, - / Esp1p t ot — MEsp (M +1)
’ - 2 .
0 o

and the MRC-TR precoder fat —> oo as follows: (M -1)! o?
(38)
o E, 1 . .
Cisc —>/ In (1+ 051 t) Me*t/Mdt, (32) Note that the term ofM E,p;/o? is the received SNR at
0

the intended user. Hence, the capacity ratio can be written

o Epr .\ M1 follows:
1 1 t dt 33 as T1ollows:
Cus /0 n( T U ) =i 4 63

Ci,tr

~ M+ 1. (39)
where we set an identical power allocation Ens = --- = Cisc

1) for each distributed antenna. It should be noted that thte suggests that MRC-TR always offers better capacity
above integrals can be expressed by special functions usingttien SC in the low SNR regimes, and the capacity ratio
Meijer's hypergeometric G-function. In order to obtain mor€’; v /C sc ~ M + 1 can linearly increase with the number
useful insights into the impact of the number of distributedf distributed antennas/.

antennas\/, we now approximate the integrals by well-known

functions for the high SNR and low SNR regimes. D. Lower and Upper Bounds of Asymptotic Capacity

The approximations ofn(1 + ¢) ~ In(¢) for high SNR
t > 1andIn(l 4+ ¢) ~ ¢ for low SNR¢ « 1 can be used
for deriving lower and upper bounds of the link capacity as
1) High SNR Regimein a high SNR regime such thatfollows. Sinceln(t) < In(1 4 ¢) < ¢ for any arbitraryt > 0,
MEgp;/a* > 1, we can approximatén(1 + t) ~ In(¢) for the approximated capacities for high SNRs given in (34) and

C. Capacity Scaling Law



(35) work as a lower bound of the link capacity, while thef the distributed antennas/. Note that we cannot transmit
expressions in (37) and (38) can be used as the upper boang confidential data if the path loss of the intended user is
of the asymptotic link capacit¢’; sc andCi rr, respectively. larger than the best eavesdropper, i.e., K p,,.

We can readily obtain a tighter upper bound by using Jensen’s

inequality for the concave function @fi(1 + ¢) with respect .

to ¢. Consequently, we have the capacity bound as followsB- Achievable Secrecy Rate of MRC-TR Precoder

ME.p ME The term ofy_ G,, ,» (1)G7 ,,,(7) in (43) is no longer the chi-
sP1 sP1 .. ! ’ 2 . . .
In g < Crcs <lIn <1 + > ) (40)  square distribution. From [23], the probability density function
for the squared sum of products of independent Rayleigh
In (M — 1)2MES/71 < Cir <In <1 + (M — 1)ME;py 1)2MESP1 signals are expressed as
g g
(41) 9 (2M=3)/4
y fv(v) = FWKM—1/2(2\E)7 (46)
where we used M _'1/m — 4 > LIn(M(M — 1)) for '

M > 1. Those bounds are tight in particular for high SNRsfor v > 0, where K,(z) is the modified Bessel func-
tion of the n-th order. The probability density function of

V. SECRECYANALYSIS OF MRC-TRAND SC | Grm(i)G1,m(i)[2/p1py is then given by taking the

In this section, we develop a similar analysis which showg®nvolution of fy(v). Using fv(v), we can write

the secrecy advantage of the MRC-TR precoder over the 00 oo Eapn
unitary precoder. As shown in (14), the achievable secrecy r&te TR — / In (1 +— g (ut U)) fv(w) fv (v)dudv,
is the difference between the link capacity of the intended user 070 (47)

and the link capacity of the best eavesdropping user. The link
capacity at thea-th user, when we use the unitary precodexhereu andwv correspond to the squared real- and imaginary-
P,, = n,I and the MRC-TR precodeP,, = 7, H! parts of )" Gy (1)G7 (1) //P1Pn-

1,m?

can be respectively written as 1) High SNR RegimesFor high SNR regimes such that
L L LM , In(1+t) ~ In(¢), we have the lower bound of the link capacity
_ ; of the n-th eavesdropping user as follows:
Cn,SC = Z Z ln(l + ﬁ‘ Z ann,m(l)‘ )a (42) n ppINg
1=0 m=1 [e%e] (e%e] Espn( ) f ( )f ( )d d
L—1 M C ~ In U+ v U v)dudv
1 1 2 n,TR / / ( 2 ) 1% 1%
= — — NGF (4 o Jo g
C’n,TR L Zz_% h’l(]. + 0.2 ‘Tnz_:l ann,m(l) l,m(z)’ ) o0 e’} Espn
= ) > /0 /O In ( - 2\@) For () fvr (v)dudo
We derive an asymptotic behavior of those capacity, and obtain 2Fpp, N
; =1In —1In(4) — 2yg + Z —
the corresponding secrecy rates. o2 m
m=1
(M —1)Espn
A. Achievable Secrecy Rate of Unitary Precoder >1In (2 P . M >1) (48)

Since the term 0§ 1, G\, (%) in (42) follows the complex
Gaussian distributio® (0, M E,p,,) for 72, = E,, we can We usedu +uv > 2/uv for anyu,v > 0. _ _
obtain the asymptotic capacity for the eavesdropper in aFrom the fact that the function dfi(u + v) is concave in

manner similar to the previous section: terms of bothu andwv, an upper bound of the IinI'< capagity
- P ) of the n-th eavesdropper is obtained by Jensen’s inequality as
Chnsc — / In (1 + Sg”t) —e /My follows:
0 g M E
MEpn, ~ LsPn
=\ MEsp, Epn MEqp,
U;’) : (MEee < 1), < ln< P (Eu] +IEM)) = m( ek ) . (49)
g g

Correspondingly, we obtain the achievable secrecy rate of th

unitary precoder as follows: % rom the lower bound in (48) and the upper bound in (49),

the link capacity of the eavesdropper for high SNR cases can
be approximated as

RS,SC = CLSC B nega’XN} CTL,SC
Y O et (= DEspu 50)
In(p1/pn)] 4o (High SNR), TR ™ o ,
>~ MEsp: (45)
o2 L= pw/prly, (Low SNR), wheref is a constant value which lies in
_ - , ) B
wheren’ = arg max, p,. Given a certain SNR of/ E;p; /o7, M-1 < B < 2™ = 3.56. 1)

the secrecy rate cannot be improved by increasing the number M



Using this expression, the secrecy rate for high SNR regimes
is written as

Optimum‘ (OFDM) - Te-- -
Unitary (§C) —+—
TR

EGC
SLC

zF
MMSE -3+

Rs tr = [C1,1R — O/ TR] 4
M —1)ME, M — 1)Espy
o [ln( )MEspr | ( )Esp

_\
OO
T

5 Antenna

2 2 ¥ ) .
o Bo < - . / ptimum
M/B +0 § ; Optimum ~S Log-Scale i
n = 10" TR\ ¢ 4 . P
— 2] 2 2 " optmi., ;
Pn 140 g oo y
S r o 5Antenna g

Optimum
MMSE, TR
EGC

It suggests that the achievable secrecy rate of the MRC- 1%?
precoder is improved by increasing the number of d|str|butqg 10°
antennasM in a logarithmic manner. However, increasing
the transmission poweFE; does not contribute to improving

the secrecy rate. The ratio of path lgss p,, dominates the  1°
secrecy in high SNR cases. This behavior can be explained by
the fact that increasing power benefits both intended receiver
and eavesdropper equally, while increasing the number of104

Linear-Scale Capacity (bps/Hz)

«—ZF

T Ty

transmit antennas improves the spatial focusing of the signal. -30 -20 -10 0 10 20 30
2) Low SNR Regimesor low SNRs such thdn(1+t) ~ SNR (dB)
t, we can approximate Fig. 2. Link capacity as a function of SNR in 1.0dB decaying 16-path
Rayleigh fading 4/ = 1 and M = 5).
[ E ME;
Chn, TR =~ / / ;g" (u+v)fv(u) fv(v)dudo = U;p".
0 0

Optimum

(53) 10’ T 14

Hence, the secrecy rate for low SNR regimes is written as

MEgsp: Pn! 1° | S N R S 1

Rs,rr =~ M (54 = i
s MM ) 1= | e i

It implies that we can transmit a secret data even if the payw x#“ |

Linear-Scale

;
loss of the intended user is larger than that of the eavesdroplj’er10 3003 SR s

i.e.,p1 < pns. More importantly, the achievable secrecy rate oi
the TR precoder can linearly increase according to the numm—:-r
of distributed antennad/, and it converges to the channelm 102

Optimum -30 dB SNR
MMSE, TR Log-Scale

T 1T m.\‘.\\‘

Linear-Scale Capacity (bps/Hz)

capacity, more specificalimy;_,oo Rs tr = C1 TR- e
£ o -4 4
r Unitary a o |
VI. CAPACITY, MSEAND SECRECY COMPARISONS 108 B e i S
E 0ZF Unitary (S'I%)
A. Simulation Parameter c £GC 2
C

For the simulations, we assume that the channel is | | | | | | ,Y,MSZE,WS( 1
frequency-selective Rayleigh fading witﬂ}} =16 sample—_ 1041 s 3 4 5 & 7 8 9 1
spaced paths whose power delay profile is exponentially Number of Transmitters

decreasing with increased delay bgB each. We use a trans- . _ o .

mission block withZ = 512 symbols. Unless stated otherW|seg'egcaslIng Ll'gkpg?ﬁf%%e‘gﬁ‘f-‘as dm;gg‘g‘é’%”\loé)d's"'b“ted antennas in 1.0dB

we use a cyclic prefix withL., = 16 to achieve inter-block

interference free environment. We define the received SNR of

the n-th user by M Ep,/o%. We evaluate the performance

for the case of the identical path lops = p» = --- = py, according to the instantaneous channel realization. The trans-

unless stated otherwise. The optimal precoder Wlth OFDWIission energy;, is constrained by the maximum symbol

signalling requires full channel state information even &nergyEs and the allowable interference enerffy as in (16)

the other cooperating base stations, whereas the non-optigd (17).

precoders used in this paper are allowed to exploit only theFig. 2 shows (log-scaled and linear-scaled) Ergodic capacity

local channel state information available at each base stati¥rsus the received SNRY E,p;/o°, of various precoding

this might be more practical for many applications. schemes for the case when there is no interference limitation,

i.e. B, = oco. Log-scaled curves present focus on low SNR

regimes, while linear-scaled curves are for high SNR regimes.

From Fig. 2, one can see that the TR schemes are better than
Table | lists capacity comparisons among the several typg®-equalization schemes, whereas those are worse than SC

of precoding schemes that we presented in Section II-By approximately 0.8 bps/Hz for high SNR as we discussed in

B. Capacity Comparison



TABLE |

CAPACITY COMPARISON AMONG VARIOUS TYPES OFLINEAR BLOCK PRECODING

Precoding Scheme

Capaciy

Energy limitation2,

Optimum (OFDM)

2 In(l+ S (0))

o

|y (z‘)|2 is given by modified water filling in (65)

Unitary (SC) 11+ L 0mGrm()]?) t & S0k < Es, 5t Z[Z N Gnym ()| < By

MRC-TR E XM+ L (Z0mlGrm@))?) T 2 DG m (D) < Bay g | 1mGonm (DG (0)|* < By

EGC-TR, SLCTR £ (14 L |EnmGim(G1m(D)|*) 5 T 1k T1G1,m (@) < Es, 57 | 1mGnm ()G, ()]* < By

< Gn,m ()G (1) ¢
ZF 111(1+U%(En,,”)2) ﬁznizm SEs,ﬁZ|EanIZ < E,
|G m ()12 Itel m ()12 YGn‘WL(i)G*)m,(")

MMSE %le](1+g%(zn’77L 4\G17:n,(i)\2+02)2) ﬁzn?nz (|G1,7:(i)‘2+02)2 S Es’ﬁZ”ZWm ‘lem’<i)‘12+62 2 S Ev

. . . . 0
Section IV. The OFDM with optimal power allocation has no T T T Tyt T AT
visible advantage over SC. However, OFDM outperforms SC T

for low SNR. In the low SNR regimes, TR can offer twice as
high capacity as SC. Note that the use of multiple antennas
(M = 5) can significantly improve the capacity. For that case,
the performance gap between the optimal precoding and the
MRC-TR precoding becomes very small.

In Fig. 3, we show the impact of the number of distributed
antennasM on the link capacity for an SNR a£30dB. We &
can see that the unitary precoder (SC and OFDM withou o\
power control) cannot enjoy any benefit even if we increase

the number of distributed antennas. For low SNR, TR offers
the capacity comparable to the one achieved by MMSE, and
TR is always better than the unitary precoding. Note that
the simulation result of capacity rati@rr/Csc completely
matches the scaling law of + M which is derived in
Section IV. For high SNR, TR is worse than SC by 0.8 bps/Hz
when M = 1, whereas it outperforms SC with multiple
transmitters. Moreover, the TR can approach the optimal

-40

IIIIIIIIIIIIII”FIIM‘III'IP'

30 dB SNR

Optimum™ ™ -

Optimum

0dB SNR

_T

' N e e

4 5

6 7

Number of Transmitters

precoder (OFDM with optimal power control) for larg¥.
The simulated capacity advantage @ir — Csc perfectly Fig. 4. MSE versus the number of transmitters in 1.0dB decaying 16-path
agrees with the scaling law afy> " 1/m — (v +In(M)).  Reyieion fading ¢dB and30dB SNR).

m=1

C. MSE Comparison
éhe cyclic prefix length can degrade MSE especially for the

In Fig. 4, we plot the MSE curves with no interferenc unitary (SC) precoder. Note that the TR is more robust than

limitation as a function of the number of transmitte¥$ at . .
an SNR of0 dB and30dB. At high SNR, the original MRC- the SC fo_r insufficient CP lengths because the TR can shorten
thg effective channel delay spread.

TR scheme has the worst performance in MSE among thes
precoding schemes fok/ = 1, whereas it can outperform ]
all the other non-optimal precoders whewr > 3. The D. Secrecy Comparison
MSE performance of TR can converge to that of the optimal In Table II, we list achievable secrecy capacity comparisons
precoder. The MMSE precoding can offer the minimum MSEbr various precoding schemes, according to the instantaneous
performance among the non-optimal precoders for low SNfRannel realization. Through the simulation taking average
regimes, while it cannot achieve good MSE performance aver the possible channel realizations, we show the average
high SNR regimes for a large number of cooperating basecrecy rate performance in Fig. 6 as a function of SNR for
stations ((/ > 3). It is because we do not allow the use of\/ = 5 base stations an@/ = 2 active users. For low SNR
full channel state information over all the distributed antennaggimes, the secrecy capacity is almost comparable to the link
In Fig. 5, we evaluate MSE versus the number of acapacity, as discussed in Section V. In contrast, for high SNR
tive receiversN for a signal-to-interference ratio (SIR) ofregimes, all the non-optimal precoders suffer from a significant
Es/E, = 10dB and an SNR of\/ E;p;/0? = 30dB. Here, performance degradation compared to the optimal precoding.
we useM =1 or M = 3 base stations to compare the unitaryhis results from the fact that the optimal precoder exploits the
precoding and the MRC-TR precoding. Due to the interferenchannel state information at all the distributed base stations to
limitation, the MSE can be degraded wh&h> 1. However, make a nulling beamform vector for the eavesdropping user.
the MSE degradation can be saturated for more-than fdwote that while it may be practical for a cellular system to have
antennas. In this figure, we also present the MSE curves wharannel state information of all the legitimate users available,
the cyclic prefix length is not sufficient to avoid inter-symboin most practical cases the transmitters do no know the channel
interference, i.e.L., < 15. We can see that the decrease db the eavesdroppers - in particular if the eavesdroppers are
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TABLE I
ACHIEVABLE SECRECY RATE COMPARISON AMONG VARIOUS TYPES OFLINEAR BLOCK PRECODING
Precoding Scheme Achievable Secrecy Rate Energy Iimitationnfn
Optimum (OFDM) % > 1n(o‘2 + T () /(o + |q/n/(i)|2) | ()% and|®,,/ (i)|? are given in (80)
Unitary (SC) L Eln o? + |z NmG1, m (i )} 0 + ‘Erhn ()‘ ﬁ Zniﬁ < E;
MRC-TR T XM (o? + (S0 |G () ) )/ (o +\an o (DG, () ) .. M X0 TIGim@)I < B
EGC-TR, SLC-TR £ S In(o” + |2 nszl,m( )G1Lm@D)]*)/(0® + |Z nmG m( )G1 m@D]®) 3z T T 1G1L,m ()] < B
ZF ln(1+c%2(277m) )—%Zln(1+ﬁ|2nm n’! m( )/Gl m(z)‘ ) ﬁznfnzng‘s
1 2 ICLm @I N2y /2 W DG m () 1 L 2 1G1,m ()12
MMSE EXI( (S g 2 we) )/ (7 + (S R ) S S ey e < P

0 10' T ] 3 10
F Optimum'(OFDM) -- ‘e-- -
o Unitary (SC) —+— O E
n TR e — 9
i EGC B B ) ]
_ SLC e T
° 100 ZF B 5 8 ~
I~ E MMSE 9(/ ; g
% F X a
§ - 7 L
104 E £
g 10" | —H6 &
Q E — 2
@ 3 E Log-Scale i 3]
o 8 c ‘ ' S
] > . .3
w  -15 @ o — 5
2 § i Optimum \Optimum b %
o 107 % MMSE, TR 4 2
S K TR (%
i @ C T EGC | Kt
— 2 N " Linear-Scale v 3 8
. . [=4
- - - P em——— x.. MVSE ] 5
‘ ] 10° | “7F SLC e )
TR (M=1) % ¢ % N F e
SNR: 30 dB i r ZF .8
TR (M=3) —H— —K— —*— SIR:10dB | . o 1
Unitary —— —— —+— 16-Path Rayleigh | . Lo _f . Unitary |
7 10 e 0
-3 I I S S I I A A B | 30 20 10 0 10 p” 20

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Number of Receivers

-
(o]

SNR (dB)

. . 6. Achievable secrecy rate as a function of SNR in 1.0dB decaying
Fig. 5.  MSE versus the number of receivers in 1.0dB decaying 16- paib path Rayleigh fadingl = 5, N = 2, p1 = pa).

Rayleigh fading $0dB SNR,10dB SIR, M € {1, 3}, Lcp € {13,14,15}).

clandestine. As addressed in Section V, it is confirmed that theTo evaluate physical-layer security level, we compared
increase of SNR does not contribute to improving secrecy ra&tecrecy capacity achieved by different precoding schemes.
for the non-optimal precoder in the high SNR regimes. Notehe optimal precoder that was derived in this paper can
that among the non-optimal precoders, the MRC-TR precodiaghieve high secrecy capacity because multiple cooperative

offers the best secrecy rate. base stations can beamform to null the radio waves for
some eavesdroppers. The TR precoder can offer the highest
VIl. SUMMARY secrecy capacity among the non-optimal precoders. Although

In this paper, we investigated the capacity, MSE, and secrdt§ secrecy capacity is much lower than the optimal one, the
rate achieved by several linear block precoding schemes. W8 scheme can be the best candidate for practical precoding
derived an optimal precoding scheme (OFDM with optimdlecause it requires no channel state information of eaves-
power and phase control) in the presence of interferendeoppers. Moreover, the asymptotic analysis of the achievable
limitation and multiple distributed antennas. We confirmed thecrecy rate verified that TR achieves secrecy capacity com-
OFDM with optimal power control has advantages over the S@rable to the channel capacity in the low SNR regimes and
block transmission in capacity only in the low SNR regimgor the case where we can use a large number of cooperative
and in MSE for high SNR. For single antenna systems, the TRse stations.
precoding has a capacity loss of approximately 0.8 bps/Hz ovetCapacity, MSE, and physical-layer security are, of course,
SC for high SNR, while it offers double the capacity of SC fonot the only relevant parameters for the selection of a transmis-
a low SNR. We derived a capacity scaling law which showson scheme. For example, SC generally provides lower peak-
how the number of cooperative transmitters can increase theaverage power ratio for transmissions, making it easier to
capacity: The capacity difference between TR and SC haduaild suitable power amplifiers; TR provides channel shorten-
logarithmic increase with the number of transmitters for higimg which can decrease the required length of the CP, and also
SNR, and the capacity ratio has a linear increase for low SN&lows to shift complexity from the receiver to the transmitter,
In distributed antenna systems, TR gives a high capacity whialnich is often desirable. Another measure which aggregates
is close to the one achieved by the optimal precoder. multi-variate performance may be attractive to see overall
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system performance in multi-user networks. Nevertheless, dtence, we obtain the solution of optimal power control as
unified evaluation methodology still allows us to gain new

7 (;
insights into the most fundamental characteristics of a very ¢(i) = %@_(i)gl(i), (64)
important class of high-speed digital transmission schemes. 0% + [ (0)]
where[-]~ denotes the pseudo inverse.
APPENDIX Since; (i) = g (i)¢(i), the optimal®, (i) must fulfil
A. Optimal Precoder for Maximizing Link Capacity @1 (3)]* = [€(i) — o?] o0 (65)

Here we derive the optimal precoder which maximizes . TN ) . .
the link capacity with constraints of transmission power an\lahereg(z) = 9:()® (?)91_(2)' The Lagrangian multipliers :
interference level, as defined in (15), (16) and (17). We ué\@ are chosen for sa_tlsfylng_(16) and (17). Not_e that this
the Lagrange multipliers method to optimize precoding. T timal power control is not given by the conventional water

Lagrangian utility function to be optimized is written as " ling unless).\n.: .0 for all 2 s n s N, le, ther(_a 'S No
interference limitation (17). Without interference limitation,

1 i ; T
[ — Indet (IL n 2’H1HI> :gem th entry of the optimal power allocation in (64) reduces
g
M
1 o2 G7 (1)
W tr [P, P! | — LMES> (i) = { _ , } EAON (66)
(;1 [ } A g (DIP ] 4o llga ()l

N M . L
_ i1 which means that distributed antennas should form the MRC
Z:z)‘" (Z tr {/H"H”} LMEV) ' (55) diversity transmissions and use the conventional water filling

for power allocation.

Taking the derivative with respect #8,,, we obtain the KKT  wjth the optimal precoder, the maximized capacity is ex-
condition for stationary points, as follows: pressed as

m=1

i 2 tay )" = i 1= 1 = 0
= _ -\ |2 _
Hl,?nﬂl (U IL + Hlﬁl) /\IPm + ;AnHﬂ,mHﬂ? Cl = E ; In (1 + ;‘Wl(l)l ) = E ; |:h'l (0’2>:| +(;
(56) - -
where \,, are the Lagrangian multipliers. It can be found thaB. Optimal Precoder for Minimizing MSE

the solution is written in the form aP,,, = F'®,,, i.e., OFDM  The |agrangian utility function to be optimized for mini-

signalling. . mizing the MSE is written as
Let G, (i) and &,,(i) be thei-th diagonal element of

the frequency-domain channel matr¥,, , and the power _ 1+ -1
allocation matrix®,,,, respectively. When we define L=—tr(IL+ ?ﬁl%l
M M
(i) = 3 Groo ()P (i), (57) Y <Z tr [P Pl - LMES>
m=1 m=1
. . . N M
we can rewrite the KKT condition for each diagonal entry as B Z A, <Z tr {Hnﬁl} B LMEV> . (67)
Gim(l)ﬂpl(l) -\ . N \ G* N (i 58 n=2 m=1
o+ ) m (i) + ;::2 nGrm (i), (58) Taking the derivative in terms P}, yields
i oL 1 1 -2
where H,, ,,, = FGp  F' and M, = FY  G,n®, are = _H, M, (IL + 2%{%0
used. Stacking the KKT conditions for alb € {1,..., M} opP;, ’ o
into a column vector yields N :
. -\ P, — M H) L Ho,. 68
7 (i) N ! Z | (68)
mgl(l) = O(i)¢(i), (59) n=
! Zeroing the above expression gives the KKT conditions. Its
where solution is also based on OFDM signalling. However, the
N to . optimal power allocation differs from the one for maximizing
O@) =Mlu +.G () AG(), _ (60) capacity; it is given as follows:
Gra(i) P1(i) o2, (i)
. . . . . 1 — . .
g,(i) = : . i) = : ) (61) o(i) = w@ (4)g4(3), (69)
. . g (3
G;,M () D (i) !
. . . . where; (i) must fulfil
Qi) =[0:6) g6) - ax@]. (62 1)

A = diag (0, X, ..., An). (63) [21(0)* = [Vo2€(i) — o°] - (70)
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It requires a modification from conventional water fillingwhere

Without interference limitationX,, = 0 for all 2 < n < N),
the m-th element of the optimal power in (69) reduces to

o2 _ o2 GT,’rn(i)
Mllgr (@112 g (@112 |, g (D1

P (i) = [ (71)

With the optimal precoder, the minimized MSE is written as

LZ(1+ 0 (i) >_1£§<ﬁ?]+1> :

C. Optimal Precoder for Maximizing Secrecy Rate

(i) — g2 ()11 77
g o2 + N2C2(i) | gh(i)g, ()2 7
¢1(1) = g1 (7), (78)
N A0 GRS
P,(i) = <IM TROIE )gl( )- (79)

The real-valued parametéf:) is an amplitude control factor.

It should be noted thap, (i) is the MRC beamforming vector

to maximize the SNR at the intended user, wherégasi)

is one of nulling beamformers to minimize the SNR at the
unintended user. It can be seen that the optimal precoder is an
appropriate mixture of the MRC beamformer and the nulling

The Lagrangian utility function for maximizing the secrecyseamformers even for the generalized cas&vof 2.

rate can be expressed as

1
£=mdet(I + 2%1%{) ~ LR

M

W (Z tr [Pman} - LMES>
m=1
N
_ Z Ao (m det (IL + %%H%L) - LR) . @)

Taking the derivative in terms aP?, yields the KKT condi-
tion:
oL

oP;,

m

=H  Hi (T, + HIH) T - NP,

—Z/\,,H Mo (2T, +HIH,) T =0, (73)

Meanwhile, the derivative ofZ with respect toR gives the
KKT condition of

(74)

N
> =1
n=2

The optimal precoder is the OFDM signalling in the form[1] T. Koike, A. F. Molisch, Z. Tao, P. Orlik, and T. Kuze,

of P,, = F&,,. With g, (i) and ¢(i), we can rewrite the

Multiplying qu( ) from the left of the KKT condition (75),
we have

|7 (i) 2 Y

)2 - Z A
n=2

0'2 =+ |@1(Z

|2 (3) 2
to? + (i)

where \1]|¢()||> > 0. The Lagrange multiplien; must be
satisfied with

Mllg()* = (80)

0_2 L—-1 N 1 1
AL > An ~—5 — - .
' = LME, ; (z_:z o2 + [, (D)2 o+ %(z)|2>

(81)

Using the optimal power allocatiafi(i) and the corresponding
channel gaing¥,, (i)|?, the optimized secrecy rate is written
as

L-1
Z In
=0
wheren’ is the user index whose link capacity is the maximum
over all the possible eavesdropping receivers.

o? + | (i)
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