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Abstract

In this two-part paper, we consider the transmission of demtfial data over wireless wiretap
channels. The first part presents an information-theoptiblem formulation in which two legitimate
partners communicate over a quasi-static fading chanmehareavesdropper observes their transmissions
through another independent quasi-static fading chawel.define the secrecy capacity in terms of
outage probability and provide a complete characterinatiothe maximum transmission rate at which
the eavesdropper is unable to decode any information. Ipstantrast with known results for Gaussian
wiretap channels (without feedback), our contributionvehthat in the presence of fading information-
theoretic security is achievable even when the eavesdrdme a better average signal-to-noise ratio
(SNR) than the legitimate receiver — fading thus turns oub¢oa friend and not a foe. The issue of
imperfect channel state information is also addressedtiPahschemes for wireless information-theoretic
security are presented in Part Il, which in some cases cotoee to the secrecy capacity limits given

in this paper.
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. INTRODUCTION

The issues of privacy and security in wireless communicatietworks have taken on an increasingly
important role as these networks continue to flourish woidéw Traditionally, security is viewed as an
independent feature addressed above the physical layallawitlely used cryptographic protocols (e.g.
RSA, AES etc) are designed and implemented assuming thecphjsyer has already been established
and is error free.

In contrast with this paradigm, there exist both theoré@eal practical contributions that support the
potential of physical layer security ideas to significarsisengthen the security of digital communication
systems. The basic principle offormation-theoretic security — widely accepted as the strictest notion
of security — calls for the combination of cryptographic egtes with channel coding techniques that
exploit the randomness of the communication channels toagtee that the sent messages cannot be
decoded by a third party maliciously eavesdropping on threleés medium (sekig. 1).

The theoretical basis for this information-theoretic agmh, which builds on Shannon’s notion of
perfect secrecy [4], was laid by Wyner [5] and later by Csiszar and Korne}, [ho proved in seminal
papers that there exist channel codes guaranteeing batbtr@ss to transmission errors and a prescribed
degree of data confidentiality.

A general setup for the so called wiretap channel is showFign2. In the original version, proposed

by Wyner in [5], two legitimate users communicate over a n@iannel and an eavesdropper has access

Fig. 1. Example of a wireless network with potential eavepging. Terminalsli and 7> communicate with a base statich
over a wireless medium (channelsand B). By listening to the transmissions of termiriél (through channet”), terminal 7>
may acquire confidential information. ; wants to exchange a secret key or guarantee the confidgntdlits transmitted

data, it can exploit th@hysical properties of the wireless channel to secure the informatiypcoding against Terminall.
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Fig. 2. In the wiretap channel problem, the goal of the leggtie users, Alice and Bob, is to communicate reliably over th
noisy main channel, while ensuring that an eavesdroppgrEsa, is unable to obtain any information from the outputghef

wiretap channel.

to degraded versions of the channel outputs that reach gitariate receiver. In [7] it was shown that if
both the main channel and the wiretap channel are additivieev@aussian noise (AWGN) channels, and
the latter has less capacity than the former, dbmecy capacity (i.e. the maximum transmission rate at
which the eavesdropper is unable to decode any informatioagjual to the difference between the two
channel capacities. Consequently, confidential commtiaitas not possible unless the Gaussian main
channel has a better signal-to-noise ratio (SNR) than thes§ian wiretap channel.

In the seventies and eighties, the impact of these works watedl, partly because practical wiretap
codes were not available, but mostly because due the facathaictly positive secrecy capacity in the
classical wiretap channel setup requires the legitimateleseand receiver to have some advantage (a
better SNR) over the attacker. Moreover, almost at the same Diffie and Hellman [8] published the
basic principles of public-key cryptography, which was &dzlopted by nearly all contemporary security
schemes.

More recently, information-theoretic security witnesssedenaissance arguably due to the work of
Maurer [9], who proved that even when the legitimate usexg £dice and Bob) have a worse channel than
the eavesdropper (say Eve), it is possible for them to gémaraecret key through public communication
over an insecure yet authenticated channel. In [10] Maurer Wolf showed that a stronger (and
technically more convincing) secrecy condition for disermemoryless channels yields the same secrecy
rates as the weaker condition in [5] and [6]. A key ingredfentsecret key generation over noisy channels
is privacy amplification (see Bennett et al [11]), which pgdms Alice and Bob with the means to distill
perfectly secret symbols (e.g. a secret key) from a largeosenly partially secret data. This general
approach is used and modified in Part Il of this paper to devefficient protocols for the Gaussian and
guasi-static fading wiretap channel.

In [12], Hero introduced space-time signal processing rigples for secure communication over



wireless links. More recently, Parada and Blahut [13] cdeisd the secrecy capacity of various degraded
fading channels. In a shorter prelude to some of the resulthis paper [1], Barros and Rodrigues
provided the first characterization of the outage secrepaady of slow fading channels and showed
that in the presence of fading information-theoretic siégus achievable even when the eavesdropper
has a better average signal-to-noise ratio (SNR) than thiéinkate receiver— without the need for
public communication over a feedback channel. The ergoelicesy capacity of fading channels was
soon derived by Liang and Poor [14], and, independently, bgtlal. [15]. Power and rate allocation
schemes for secret communication over fading channels presented by Gopala et al. in [16]. Secure
broadcasting over wireless channels is considered in [17].

Practical secrecy capacity-achieving codes for erasuamredls were presented by Thangaraj et al.
in [18]. LDPC codes were also shown by Bloch et al. [19] to befuistools for reconciliation of
correlated continuous random variables, with implicagiom quantum key distribution. A related scheme
was presented by Ye and Reznik in [20]. Experimental resuifgporting the possibility of information-
theoretic secret key agreement over wireless channels wpogted by Imai et al in [21].

Secrecy systems with multiple users have also recentlyrbean object of intense research. Csiszar
and Narayan [22] presented the fundamental limits of sda@gtgeneration in multi-terminal setups.
Secret key constructions for this problem are reported byan@ Narayan in [23]. A detailed study of
the multiple access channel with secrecy constraints ltwsers was provided by Liang and Poor
in [24]. Liu et al presented results for the same problem B] @hd, investigated in [26] also broadcast
and interference channels with confidential messages. Tdesstan multiple access channel with an

eavesdropper was studied in [27].

A. Our Contributions

Motivated by the general problem of securing transmissimres wireless channels, we consider the
impact of fading on the secrecy capacity. Our contributionBart | are as follows:

(&) an information-theoretic formulation of the problemsafcure communication over wireless chan-
nels;

(b) a characterization of the secrecy capacity of singterarma quasi-static Rayleigh fading channels
in terms of outage probability;

(c) a simple analysis of the impact of user location on theexele level of secrecy;

(d) arigorous comparison with the Gaussian wiretap chagevidencing the benefits of fading towards

achieving a higher level of security;



(e) a mathematical characterization of the impact of ingatriCSI| about the eavesdropper’'s channel
on the secrecy capacity;
(H a comparison between information-theoretic secugghniques at the physical layer and classical
cryptographic methods at higher layers of the protocolkstac
Among the different conclusions to be drawn from our respéishaps the most striking one is that, in
the presence of fading, information-theoretic securitgdbievable even when the eavesdropper’s channel

has a better average SNR than the main channel.

B. Organization of the Paper

The rest of the paper is organized as follows. First, Sectioprovides an information-theoretic
formulation of the problem of secure communication overirfgdchannels. Then, Section Ill analyzes
the secrecy capacity of a quasi-static Rayleigh fading wehin terms of outage probability. The
implications of channel state information are analyzeddnt®n IV. Finally, Section V compares classical
cryptographic methods with information-theoretic seguior wireless channels, and Section VI concludes

the paper.

[I. SECURE COMMUNICATION OVER QUASI-STATIC RAYLEIGH FADING CHANNELS
A. Wireless System Setup

Consider the wireless system setup depictedrilm 3. A legitimate user, say Alice, wants to send
messages to another user, say Bob. Alice encodes the mesiemggen’” into the codeword:™ for
transmission over the channel (th@in channel). Bob observes the output of a discrete-time Ratylei
fading channel given by

ym (i) = har (1) (i) + nar (i),

where hy (i) is a circularly symmetric complex Gaussian random variatilh zero-mean and unit-
variance representing the main channel fading coefficiedtia, () is a zero-mean circularly symmetric
complex Gaussian noise random variable.

A third party (Eve) is also capable of eavesdropping Alideesmismissions. In particular, Eve observes

the output of an independent discrete-time Rayleigh fadimannel (thewiretap channel) given by

yw (i) = hw (1)x(i) + nw(3),



wherehyy (i) denotes a circularly symmetric complex Gaussian randoimharwith zero-mean and unit-
variance representing the wiretap channel fading coefficé@dn; (i) denotes a zero-mean circularly
symmetric complex Gaussian noise random variable.

It is assumed that the channels’ input, the channels’ fadgfficients and the channels’ noises are
all independent. It is also assumed that both the main andvitetap channels are quasi-static fading
channels, that is, the fading coefficients, albeit randam,canstant during the transmission of an entire
codeword fys (i) = has,Vi = 1,...,n and hy (i) = hw,Vi = 1,...,n) and, moreover, independent
from codeword to codeword.

We take the average transmit power to Bethat is
1< -
~Y E[X@P] <P,
=1

and the average noise power in the main and the wiretap clatmée N,; and Ny, respectively.

Consequently, the instantaneous SNR at Bob’s receiver is
(1) = Plhat (i) /Nar = Plha[?/Nar = v
and its average value is
Fu (@) = PE [|har(9)]?] /Nar = PE [|har*] /Nar = -
Likewise, the instantaneous SNR at Eve’s receiver is
yw (i) = Plhw () /Nw = Plhw|*/Nw =
and its average value is
Fw (i) = PE [|[hw ()’] /Nw = PE [[hw[*] /Nw = 7w

Since the channel fading coefficientsare zero-mean complex Gaussian random variables and the

instantaneous SNR « |k|?, it follows that~ is exponentially distributed, specifically

1
p(Ym) = ——exp <—Z—M> ) v >0 (1)
Ym Ym
and
1
p(yw) = — exp (—Z—W> , yw > 0. 2)
Tw Tw
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Fig. 3. Wireless system setup.

B. Problem Satement

Let the transmission rate between Alice and Bobbe- H(W*)/n, the equivocation rateor Eve’s
uncertainty beA = H(W*|vy%)/H(W*), and the error probabilitp, = P(W* # W), where W*
denotes the sent messages &h# denotes Bob’s estimate of the sent messages.

In general, one is interested in characterizing the rateveqation region, that is, the set of achievable
pairs (R',d’). A pair (R',d’) is achievable if for alk > 0 there exists an encoder-decoder pair such that
R>R —¢, A>d —¢ andP, < e. Here, however, we are interested in characterizingstueecy
capacity Cs, that is, the maximum transmission raffeat A = 1.

In the rest of the paper, we will study the secrecy capacitythig wireless system for different
channel state information (CSI) regimes. We will alwaysuass that Bob has perfect knowledge of the
main channel fading coefficient and that Eve also has pekieoivledge of the wiretap channel fading
coefficient?. We will also always assume that Alice has perfect knowledlghe main channel fading
coefficient. Note that these assumptions are realistic Hgr $low fading wireless environment: both
receivers can always obtain close to perfect channel estarend, additionally, the legitimate receiver

can also feedback the channel estimates to the legitimatsrtritter. However, we will assume various

INotice that the secrecy condition used here (and in [5],ifAeaker than the one proposed by Maurer and Wolf in [10] rethe
the information obtained by the eavesdropper is neglig#shall not just in terms of rate but in absolute terms. Unfoately,
it is unclear whether the techniques used for discrete m@egs channels in [10] can be extended for Gaussian charinels
particular information reconciliation and privacy ammlétion. Resolving this issue is part of our ongoing efforts.

2By virtue of the independence of the main channel and thetayirehannel, there are no additional benefits/penalitiBof

knows the wiretap fading coefficient and/or Eve knows themtdiannel fading coefficient
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regimes for Alice knowledge of the eavesdropper channel:

(&) No knowledge of the wiretap channel fading coefficient;
(b) Partial knowledge of the wiretap channel fading coedfit;

(c) Perfect knowledge of the wiretap channel fading coefiti

Case 1 corresponds to the situation where Eve is a passivenaliclous eavesdropper in the wireless
network. Cases 2 and 3 correspond to the situation where €@mather active user in the wireless
network, so that, e.g. in a TDMA environment, Alice can estienthe wiretap channel during Eve
transmissions.

In the following sections, we will characterize the secreapacity in terms of outage events for the

wireless system setup fFg. 3.

IlIl. SECRECY CAPACITY AND OUTAGE WITHOUT CSION THE EAVESDROPPERS CHANNEL

In this section, we will consider the situation where theitletate transmitter (Alice) knows nothing
about the state of the eavesdropper’s channel. However,sagne that the legitimate transmitter and
receiver know the state of the main channel perfectly antttieaeavesdropper also knows the state of
the eavesdropper channel perfectly (see Section ).

Consequently, this section characterizes the secrecycitad a quasi-static Rayleigh fading channel
in terms of outage probability. First, we consider a singlaization of the fading coefficients and compute
its instantaneous secrecy capacity. Then, we discuss tbteree of (strictly positive) secrecy capacity
in the general case, and build upon the resulting insightshtoacterize the outage probability and the

outage secrecy capacity.

A. Instantaneous Secrecy Capacity

We start by deriving the secrecy capacity for one realimatiba pair of quasi-static fading channels
with complex noise and complex fading coefficients.

For this purpose, we recall the results of [7] for the redisgd Gaussian wiretap channel, where it is
assumed that Alice and Bob communicate over a standard delitiv@ white Gaussian noise (AWGN)
channel with noise powelN,; and Eve’s observation is also corrupted by Gaussian noite pawer
Nw > Ny, i.e. Eve’s receiver has lower SNR than Bob’s. The power isstrained according to

15~ | E[X(i)?] < P. For this instance, the secrecy capacity is given by

Cy=Cy — Cw, (3)



where

1 P
= —log (14—
CM 5 og< +NM>

is the capacity of the main channel and

1 P
Cw—ilog <1+N—W>

denotes the capacityf the eavesdropper’s channel. From this result, we caneléie following lemma
which describes the instantaneous secrecy capacity fawitieéess fading scenario defined in Section Il
Lemma 1. The secrecy capacity for one realization of the quasiestatimplex fading wiretap-channel
is given by
c. — log (1 +va) —log (1 +yw) if yar > yw @
0 if yar < yw.

Proof: Suppose that both the main and the wiretap channel are ce APYISN channels, i.e. trans-
mit and receive symbols are complex and both additive noisegsses are zero mean circularly symmetric
complex Gaussian. The power of the complex injiuis constrained according %)E?zl E[|X(i)]] <
P. Since each use of the complex AWGN channel can be viewed aai$@s of a real-valued AWGN

channel [28, Appendix B], the secrecy capacity of the complgetap channel follows from (3) as
P P
Cs=log|1l+— ) —log|(1l+—],
g ( NM) § ( Nw>

To complete the proof, we introduce complex fading coeffitsefor both the main channel and the

per complex dimensidn

eavesdropper’s channel, as detailed in Section Il. Sindbdmjuasi-static casey; andhy, are random
but remain constant for all time, it is perfectly reasonablesiew the main channel (with fading) as a

complex AWGN channel [28, Chapter 5] with SNR; = P|hy|?/Nys and capacity

P
Oy =log (1+|h 2—> :
M g < [P | Ny
Similarly, the capacity of the eavesdropper’s channel vemiby
P
o 2
CW = log <1 + ‘hw‘ —NW> N
with SNRyy = P|hy|?/Nw . Thus, once again based on (3) and the nonnegativity of ehaapacity,

we may write the secrecy capacity for one realization of thasitstatic fading scenario as (4). ®

3Unless otherwise specified, all logarithms are taken to baee

“Alternatively, this result can be proven by repeating stgpstep the proofs of [7] using complex-valued random vagabl

instead of real-valued ones.



B. Probability of Strictly Positive Secrecy Capacity

We will now determine the probabilitf(C > 0) of a strictly positive secrecy capacity between Alice
and Bob.

Lemma 2: For average signal-to-noise ratigg, and¥y,;,, on the main channel and the wiretap channel,
respectively, we have that

P(C,>0) = — M __ (5)
Tm 7w
Proof: As explained in Section llI-A, for specific fading realizatis, the main channel (from Alice

to Bob) and the eavesdropper’s channel (from Alice to Eve)lmaviewed as complex AWGN channels
with SNR ~,, and~y, respectively. Moreover, from (4) it follows that the sexyrecapacity is positive
when~y,, > v and is zero when; < . Invoking independence between the main channel and the
eavesdropper’s channel and knowing that the random vasgah} and~y, are exponentially distributed
with probability density functions given by (1) and (2), pestively, we may write the probability of

existence of a non-zero secrecy capacity as
P(Cs > 0) = /P(’YM > ’YW)

o0 Y
= / / p(yar, yw ) dyw dym
0 0

o0 Ym
- / / pnan)p (v ) dyw
0 0

M ‘
Ym T Yw

It is also useful to express this probability in terms of paeters related to user location.
Corollary 1: For distanced,,; between Alice and Bob, distanag; between Alice and Eve, and
pathloss exponent, we have that
P(Cs>0) = T (AT (d];/dw)a (6)
Proof: The corollary follows directly from the fact that,, o 1/d}; and7y, oc 1/df;, [29]. [ |
Remark 1: Note that whermy,; > vy (or dy < dw) thenP(Cs > 0) = 1 (or P(Cs = 0) = 0).
Conversely, whenyy > ~a (or dy < dyr) thenP(Cy > 0) = 0 (or P(Cs = 0) ~ 1). It is also
interesting to observe that to guarantee the existence ainazero secrecy capacity with probability
greater tharp, then it follows from (5) and (6) that
;_]I:i ~1 fOpo

10



or

d 1—
_M< a—pO.
dw ~V  po

In particular, a non-zero secrecy capacity exists even Wher< 7y, or dyy > dyy, albeit with probability

less thanl /2.

C. Outage Prabability of Secrecy Capacity

We are now ready to characterize the outage probability

Pout(Rs) = P(Cs < R8)7

i.e. the probability that the instantaneous secrecy capaciess than a target secrecy rdte > 0. The

operational significance of this definition of outage praliighis that when setting the secrecy rafg

Alice is assuming that the capacity of the wiretap channegjiven by Cj,, = Cy — R,. As long as

Ry < Cy, Eve’s channel will be worse than Alice’s estimate, Cg, < CY;,, and so the wiretap codes used

by Alice will ensure perfect secrecy. Otherwise Af > C thenCy, > Cj;, and information-theoretic

security is compromised.
Theorem 1: The outage probability for a target secrecy r&tgis given by

Tm 2% —1
Pt(R):l—feXp<— — >
o T + 287y, Tm

Proof: Invoking the total probability theorem,

Pou(Rs) = P(Cs < Rs | v > yw)Plym > yw)
+P(Cs < Rs | ym < yw)P(ym < yw)

Now, from (5) we know that
M

Plym >yw) = ————.
( ) Tm +Yw

Consequently, we have

Yw

Plyas < =1—Plyy > =_— W
(vmr <yw) (v > yw) Ea———

On the other hand, we also have that

P(Cs < R; | Y™ > /VW)

11
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= P(log(1+ ) —log(l +yw) < Rs | var > vw)
= Plyu <21 +’YW) — 1y >yw)

o) 28 s(14yw)—
/ Py, yw | ym > yw)dyw dym
,

w

S— S

- 00/2 e plplow) S dwdym
Y Plym > yw)
B T+ Tw 2R — 1
= T = [ 5R.~— EXp | ———=
Tm + 27w VM

and, sinceRR, > 0,
P(Cs < R, | v < 'VW) =1.

Combining the previous five equations, we get

P, (R)—l—iiMexp<—2RS_l> (8)
o Tu + 287y v )

D. Outage Secrecy Capacity

Another performance measure of interest isdfmeitage secrecy capacity, defined as the largest secrecy

rate such that the outage probability is less thane.

Pout(Cout(E)) =€

Although it is hard to obtain the outage secrecy capacitjyéinally — the outage probability is a

complicated function of the secrecy rate — it is possibledmpute its value numerically based on (7).

E. Asymptotic Behavior
It is illustrative to examine the asymptotic behavior of theage probability for extreme values of the
target secrecy rat&,. From (7) it follows that whem?; — 0,

Tw
Ym + 7w
and whenR;, — oo, we have thatP,,; — 1, such that it becomes impossible for Alice and Bob to

Pout —

transmit secret information (at very high rates).
Also of interest is the asymptotic behavior of the outagebphility for extreme values of the average

SNRs of the main channel and the eavesdropper’s channeln Whes> 7y, equation (7) yields

28 —1
Pt =1 o (<21,
TMm

12
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Fig. 4. Outage probability versus,,, for selected values ofj;;, and for a normalized target secrecy rate equal to 0.1.

Normalization is effected with respect to the capacity ofAGN channel with SNR equal t§,,.

and in a high SNR regim®@, ~ (2% —1)/7,,, i.e. the outage probability decays B&y,,. Conversely,
whenvy, > 7,,,
Pout(Rs) ~ 1,

and confidential communication becomes impossible.

Fig. 4 depicts the outage probability versiig;, for selected values 6f;;; and for a normalized target
secrecy rate equal to 0.1. Observe that the highgrthe lower the outage probability, and the higher
Fw the higher the probability of an outage. Moreoveryjf; > 7y, the outage probability decays as
1/7,;. Conversely, ifyy, > 7,, the outage probability approaches one.

With respect to the asymptotic behavior of the outage sgarepacity, it is not difficult to see that
Cout — 0 yields Pout — /(T ar + Fw ), @and whenCoyt — oo, we havePqyy — 1.

The impact of the distance ratio on the performance is st inFig. 5, which depicts the outage
probability versusdyy /dyy, for selected values of,, and for a normalized target secrecy rate equal
to 0.1. The pathloss exponent is set to be equal to a typidaéwaf 3 [29]. Whendy, /dy — oo (or
¥ /Tw — 00), we have thaPoy — 1 — exp(— (28 —1)/7,,). If dw /dar — 0 (OF F5 /5w — 0), then
Pout — 1.

13



F. Fading Channels versus Gaussian Channels

It is important to emphasize that under a fading scenario —eaintrast with the Gaussian wiretap
channel [7]— the goal of a strictly positive (outage) segreapacity doesiot require the average SNR
of the main channel to be greater than the average SNR of tes@@pper's channel. This is due
to the fact that in the presence of fading there is always #fipiobability, however small, that the
instantaneous SNR of the main channgl is higher than the instantaneous SNR of the eavesdropper’s
channelyyy .

Specifically, the results in Section Ill demonstrate thatom-mero outage secrecy capacity requires
Y > Fw for Pout < 0.5, but we may havey,, < 7y, for Poy > 0.5. In other words, if we are willing
to tolerate some outage, then there is no obstacle to intamétheoretic security over wireless fading
channels. In fact, it is possible to trade off outage proliglfor outage secrecy capacity: a higher outage
secrecy capacity corresponds to a higher outage prolyalsitid vice versa.

It also turns out that the outage secrecy capacity of a fadiramnel can actually be higher than the
secrecy capacity of a Gaussian wiretap channel. Consigeetmples shown ifrig. 6 and Fig. 7,
which depict the normalized outage secrecy capacity veysusfor selected values ofy;,, and for an
outage probability of 0.1 and 0.75, respectively. The ndized secrecy capacity of the Gaussian wiretap

channel with main channel SNR equalig, and wiretap channel SNR equaldg, is also included for

norm. Rs =0.1

out

10 -

10 10 10 10

dy/dy

Fig. 5. Outage probability versusy /das, for selected values of,, and for a normalized target secrecy rate equal to 0.1.

Normalization is effected with respect to the capacity ofAMGN channel with SNR equal tg,,.
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comparison. Observe that in the Gaussian case the secreayityais zero whery,, < 7y,. In contrast,

in the case of Rayleigh fading channels the outage secrgmacity is non-zero even whep,, < 7y, (as

long asP,: > 0.5). More importantly, the outage secrecy capacity in the Bighl fading case exceeds the
secrecy capacity of the equivalent Gaussian wiretap chafarehigher outage probabilities. These key
observations are also corroborated Fig. 8, which compares the normalized (outage) secrecy capacity

for fading channels to the secrecy capacity of Gaussianngignfor various outage probabilities.

P =01

out

0.9r
0.8

0.7+

out
o
(2]

T

norm. C
o
ol
T

0.1

ol =

1
=
o

|

Fig. 6. Normalized outage secrecy capacity vergys for selected values 6fy;,, and for an outage probability of 0.1. Thinner
lines correspond to the normalized outage secrecy capaditg case of Rayleigh fading channels, while thicker licesespond
to the secrecy capacity of the Gaussian wiretap channemblaration is effected with respect to the capacity of an AWG
channel with SNR equal tg,,.

Finally, it is also interesting to examine the average sgcrate given by
Rs — (1 - Pout(Rs)) . Rs

The average secrecy raig is a function of Alice’s target instantaneous secrecy fateso that Alice is

in principle able to optimize the target instantaneouses®crate to maximize the average secrecy rate
(seeFig. 9). Fig. 10 compares the optimum average secrecy rate in the case dfigayading channels
to the secrecy capacity of AWGN channels. It is interestmgliserve once again that there is a positive
secrecy rate in a Rayleight fading channel even when theagee8NR in the main channel is lower than

that in the eavesdropper channel.
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Fig. 7. Normalized outage secrecy capacity versys, for selected values o¥,, and for an outage probability of 0.75.
Thinner lines correspond to the normalized outage secrapwdity in the case of the Rayleigh fading channels, whilekén
lines correspond to the secrecy capacity of the Gaussiagtapichannel. Normalization is effected with respect tocéugacity
of an AWGN channel with SNR equal ®,,.

IV. PERFORMANCEANALYSIS WITH PERFECT ANDIMPERFECTCSI ON THE EAVESDROPPERS

CHANNEL

In this section, we move from the paradigm where the legi@rteansmitter (Alice) knows nothing
about the state of the eavesdropper’s channel to one where Whows the state of the eavesdropper’s
channel partially or even perfectly. However, we still asguthat the legitimate transmitter and receiver
know the state of the main channel perfectly and that the semwpper also knows the state of the
eavesdropper channel perfectly (see Section II).

We model Alice’s estimate of Bob’s channel as
har = hag,

whereh,, is the estimate fading coefficient of the main channel Apdis the true fading coefficient of
the main channel. Thus, the estimate main channel instaoteEnSNR is equal to the true main channel

instantaneous SNR, that is

M = YM-
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We also model Alice’s estimate of Eve’s channel as
hw = hw + dw,

wherehyy is the estimate fading coefficient of the wiretap chanhagl}, is the true fading coefficient of
the wiretap channel andly is a circularly symmetric complex Gaussian random variabth mean zero
and variancer? per dimension. Thus, the true value and the estimate of agirehannel instantaneous

SNR may be different, that is
W F W
In this new scenario, we will assume that Alice always setsitgtantaneous information transmission
rate R, to be equal to the instantaneous secrecy capacity estithaté the channel where
é Cu — Cw if Cur > Cw
0 if Cayr < Cw
andCy = log(1 + 4ar) is the instantaneous main channel capacity estimateCand= log(1 4+ Aw) is

the instantaneous wiretap channel capacity estimate. Wenavir characterize the fundamental secrecy

limits when Alice knows the state of the eavesdropper’s okahoth imperfectly and perfectly, including
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the probability of a secrecy outage, the average securedhput (from Alice to Bob) and the average

leaked throughput (from Alice to Eve).

A. Imperfect Knowledge of CS of Eavesdropper’s Channel

In this situation, Alice conveys information to Bob at a rdte = C, using a wiretap code designed
for the operating poin{Cys, Cy) = (Car,Cw), whenCyy > Cw. If Cy > Cw (e, Cs < C)
transmission in perfect secrecy is guaranteed, that is,cee®e outage does not occur. Otherwise, if
Cw < Cyw (i.e.,Cs > C,) transmission in perfect secrecy cannot be guaranteeristtmsecrecy outage
occurs. It is now relevant to characterize the probabilitya secrecy outage.

Theorem 2: The probability of a secrecy outage is upper bounded by

1 1 1
g
Pon=5 =97 +2/02
Proof: The probability of a secrecy outage is given by

(9)

Pout=P(Cw < Cur, Cw < Cw) = P(Aw < yar, 4w < w) = PAw < min(yar, yw))
Consequently, the probability of a secrecy outage is uppantied by
Pout =P (w < min(ym,yw)) < P(hw < yw)

18



0.91

0.8

0.71

S

R

0.6

0.51

norm. average
N
N
T

o
w
T

0.2y Vw:O dB - v > 8
- - Y,~10dB - -

0.1
¥,, =20 dB e

0 == = " X i . I
-10 -5 0 5 10 15 20 25 30
y,, (@)

Fig. 10. Normalized average secrecy rate vergys for selected values 6f;,. Thinner lines correspond to the normalized
average secrecy rate in the case of Rayleigh fading chanwelte thicker lines correspond to the secrecy capacityhef t
Gaussian wiretap channel. Normalization is effected wétpect to the capacity of an AWGN channel with SNR equaj tp

Now, P(9w < yw) can be written as follows

Pl <) = [ Plw < sl )plw )
wherep(yw) is the probability density function ofy (see (2)). MoreoverP (3w < vyw|yw) can also
be written as follows
Yw
PAw <wlw) = /0 p(w yw ) dyw

wherep(yw|yw ) is the probability density function ofy conditioned onyy,. This probability density

function is non-centrak? with two degrees of freedom, i.e.

. 1 _Gwtw IWAIW \ .
p(ww) = 2702 2w Jol ———— |, 3w >0
wo wo

where Iy(-) is the zeroth-order modified Bessel function of the first k[88]. Thus, the probability

P(Aw < yw|yw) reduces to

PAw <ywlhw) =1-Q1(vVw/(wa?), vVaw/(wo?))

where@ (-, ) is the generalized Marcui® function [30]. Moreover, using standard results for inggr
involving the generalized Marcur® function [31], the upper bound to the outage probabilityuess to

1 1
Pout < = —

1
2 2,/1+2/0%
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It is also relevant to characterize two other quantitiehwiperational significance: the average secure
throughput (or average secrecy rate) and the average lghkadghput. These quantities correspond
to the average of the instantaneous secure throughput a&nihstantaneous leaked throughput over
every possible realization of the main channel and the esopper’s channel. Now, the average secure
throughput is lower bounded by the average of the transamsgite over instances where the secrecy

capacity estimate is lower than the true secrecy capadaity, i
[ee]
R, > / Cup(CLlCs < o) dC,
0

In turn, the average leaked throughput is upper bounded dyaterage of the transmission rate over

instances where the secrecy capacity estimate is highertiigatrue secrecy capacity, i.e.
o
R g/ Cp(CulCy > C) dCs
0

These quantities will be characterized numerically due hte difficulty in determining closed-form
expressions.

A number of comments on the behavior of the various perfonaameasures are now in orderg. 11
shows that the upper bound to the outage probability is denably tight in a regime where the average
SNR of the main channel is greater than the average SNR oftresdropper channel. More importantly,
the outage probability is a monotone decreasing functioth@fvariance of the channel estimation error,
so that foro? > 0 the higher the variance of the channel estimation errorothier the outage probability.

This counterintuitive result is based on the fact that forderate values of the variance of the
channel estimation error Alice tends to consistently uesiiimate the secrecy capacity of the system.
Consequently, the attempted instantaneous transmissieris consistently lower than the instantaneous
secrecy capacity so that the outage probability is alsofloWwgs in turn results in a lower average secure
throughput and a lower average leaked throughput as showigirl2 andFig. 13.

Yet, of extreme relevance is the fact that even in the presehchannel estimation errors it is possible
to convey information in a secure manner over a wirelessrenwient (that is, with an average secure
throughput substantially greater than the average ledkedighput) provided now that the average SNR
of the main channel is greater than the average SNR of thesé@mper channel (cFig. 12 andFig. 13).

B. Perfect Knowledge of CS of Eavesdropper’s Channel

In this situation, Alice conveys information to Bob at a rdte = C; = C, using a wiretap code

designed for the operating poiti€'y;, Cy/) = (Car, Cw), SO that a secrecy outage never occurs. It
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follows that the average secure throughput (average secae) is

Rs:/ RsdFc, (Rs),
0

where®

M 2% -1

Fo (Ry) =P(Cs<Rg)=1— ——————¢ m
o (R) =PI, < R)=1- — M

)

and the average leaked throughput is zero.

Fig. 14 compares the average secrecy rate in a "wiretap” Rayleigimdachannel to the secrecy
capacity in the classic wiretap Gaussian channel. Stiijrume observes that the average secrecy rate in
the fading channel is indeed higher than or close to the sgcagacity in the Gaussian channel. One also
observes that, in contrast to the situation in the Gausdianreel, the average secrecy rate in the fading
channel is non-zero even when the average SNR of the maimehanlower than the average SNR of
the eavesdropper channel. These observations underlt® again the potential of fading channels to

secure the transmission of information between two legitérparties against a possible eavesdropper.

®Note that the expression for the cumulative distributionction of the instantaneous secrecy capacity is exactlyséme

as the expression for the outage probability in (7).
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V. INFORMATION-THEORETIC VS COMPUTATIONAL SECURITY IN WIRELESSNETWORKS

Due to the many fundamental differences between classigptagraphy and information-theoretic
security, it is useful to recognize what those differenaesaad how they affect the choice of technology
in a wireless scenario. It is fair to state that classicabtgraphic security under the computational

model offers the following advantages:

« there are so far no publicly-known, efficient attacks on fukéy systems such as RSA, and hence
they are deemed secure for a large number of applications;

« very few assumptions are made about the plaintext to be ed¢ahd security is provided on a
block-to-block basis, meaning as long as the cryptographiitive is secure, then every encoded
block is secure;

« Systems are widely deployed, technology is readily aviglaind inexpensive.

On the other hand, we must consider also the following disathges of the computational model:

« Security is based on unproven assumptions regarding thenéss of certain one-way functions.
Plaintext is insecure if assumptions are wrong or if effiti@itacks are developed,;

« In general there are no precise metrics or absolute congparibetween various cryptographic
primitives that show the trade off between reliability aret@rity as a function of the block length

of plaintext and ciphertext messages - in general, the ggcofr the cryptographic protocol is
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measured by whether it survives a set of attacks or not;

In general, these will not be information theoretically wecif the communication channel between
friendly parties and the eavesdropper are noiseless, bethe secrecy capacity of these application-
layer systems is zero;

State-of-the art key distribution schemes for wirelessvoets based on the computational model

require a trusted third party as well as complex protocots system architectures [32].

The advantages of physical layer security under the infdamaheoretic (perfect) security models can

be summarized as follows:

No computational restrictions are placed on the eaveseémpp

Very precise statements can be made about the informatairigheaked to the eavesdropper as a
function of channel quality and blocklength of the messd@é

Has been realized in practice through quantum key distabB3];

In theory, suitably long codes used for privacy amplificatzan get exponentially close to perfect
secrecy [11];

Instead of distributing keys it is possible to generatelwaty as many secret keys as desired.

In contrast, we have to take into consideration the follgvolisadvantages of information-theoretic

security:
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« Information-theoretic security is an average-informatineasure. The system can be designed and
tuned for a specific level of security - e.g. with very high lpaibility a block will be secure, but it
may not be able to guarantee security with probability 1;

« Requires assumptions about the communication channdlsriiwa not be accurate in practice. In
many cases one would make very conservative assumptions thieachannels. This will likely result
in low secrecy capacities and low secret-key or -messadeaege rates. This gives extremely high
security and reliability, but at low communication rates;

o A few systems (e.g Quantum Key Distribution) are deployetithe technology is not as widely
available and is expensive;

« A short secret key is still required for authentication [9].

In light of the brief comparisons above, it is likely that adgployment of a physical-layer security
protocol in a classical system would be part of a "layeredisgc solution where security is provided at
a number of different layers, each with a specific goal in mifitis modular approach is how virtually
all systems are designed today, so in this context, phykigal security provides an additional layer of

security that does not exist today in classical systems.
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VI. CONCLUSIONS

We provided a preliminary characterization of the outageressy capacity of wireless channels with
guasi-static fading. Specifically, we assumed that Alice avifig access to the CSI of the main channel
only — chooses a target secrecy rdtg (without knowing the wiretap channel) and we investigatesl t
outage probability defined &(Rs > C). Our results reveal that (a) perfectly secure communinatieer
wireless channels is possible even when the eavesdroppex hatter average SNR than the legitimate
partners, and (b) the outage secrecy capacity of wirelessngis can actually be higher than the secrecy
capacity of a Gaussian wiretap channel with the same avr8dkRs~,,; and~y . Furthermore, we
analyzed the impact of imperfect channel state informatanthe outage probability and the outage
secrecy capacity. In particular, we have demonstratedebean in the presence of imperfect CSl it is
possible to convey information in an almost secure manhet, is, with an average secure throughput
substantially greater than the average leaked throughput.

Suppose now that Alice has access to CSI on both the main ehand the eavesdropper’s channel.
This is the case, for example in a Time Division Multiple Assg TDMA) environment, when Eve is
not a covert eavesdropper, but simply another user intatpetith the wireless network, thus sending
communication signals that allow Alice to estimate the CSth@ channel between them. A natural
way for Alice to exploit the available CSI on both channelsathieve secrecy is by transmitting useful
symbols to Bob only when the instantaneous SNR values afethatthe instantaneous secrecy capacity
is strictly positive ¢y > yw)-

This observation thus suggests @pportunistic secret key agreement scheme for wireless networks
— even when the outage probability is very high, the avada@crecy capacity is still likely to enable
Alice and Bob to generate an (information-theoreticallgwsed) encryption key that could then be used
to secure the data exchange while the system is in outagecoécsecapacity. Implementing such a

scheme is the goal of Part Il of this paper.
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