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Optimal Selection of Channel Sensing Order in
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Abstract—This paper investigates the optimal sensing order
problem in multi-channel cognitive medium access control with
opportunistic transmissions. The scenario in which the availabil-
ity probability of each channel is known is considered first. In
this case, when the potential channels are identical (except for
the availability probabilities) and independent, it is shown that,
although the intuitive sensing order (i.e., descending order of the
channel availability probabilities) is optimal when adaptive mod-
ulation is not used, it does not lead to optimality in general with
adaptive modulation. Thus, a dynamic programming approach to
the search for an optimal sensing order with adaptive modulation
is presented. For some special cases, it is proved that a simple
optimal sensing order does exist. More complex scenarios are
then considered, e.g., in which the availability probability of each
channel is unknown. Optimal strategies are developed to address
the challenges created by this additional uncertainty. Finally, a
scheme is developed to address the issue of sensing errors.

Index Terms—Cognitive radio, medium access control, dy-
namic programming.

I. INTRODUCTION

IRELESS networks have experienced rapid growth

during the past two decades. This has caused a spec-
trum scarcity problem, since much of the prime wireless
spectrum has been licensed for specific applications. However,
according to recent measurements of wireless spectrum usage,
the licensed spectrum is actually severely under-utilized. Thus,
the idea of dynamically accessing the spectrum has attracted
considerable attention, which allows unlicensed users (referred
to as secondary users) to access the spectrum at a particular
time and location when and where licensed users (referred to
as primary users) are not active. Recently cognitive radio has
demonstrated the potential to enable dynamic spectrum access,
mainly because of its ability to adapt to dynamic spectral
environments [1].

In such systems, in order to avoid interference to the pri-
mary network, it is necessary for secondary users to determine
(usually via spectrum sensing) whether there exist primary
activities in the spectrum before their secondary transmissions.
In this research, we consider the scenario in which a secondary
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user has a number of potential wireless channels, and the
secondary user can sense one channel at a time. Since the
secondary user cannot sense two or more channels simultane-
ously, one task is to determine which channel to observe at a
given time so as to fully utilize the spectral opportunities.
Similar problems of multi-channel medium access control
have attracted considerable recent attention. In [2], an analyt-
ical framework is provided based on the theory of partially
observable Markov decision processes. The availability of
each channel is assumed to follow a Markov chain, whose
transition matrix is known to secondary users. In [3], [4], the
dynamic channel selection problem is formulated as a multi-
armed bandit problem. In [5], [6], an optimal channel probing
and transmission policy is derived, with an assumption that
recall (i.e., using one of the previously sensed channels) and
guess (i.e., using a channel that has not been sensed yet) are
allowed.

In this paper, we investigate the multi-channel cognitive
medium access control problem, in which multiple potential
channels (i.e., frequency bands) are available. Unlike [2]-
[4], we consider a cognitive radio network with opportunistic
transmissions explained as follows. The secondary user will
not only sense a channel to decide whether it is free, but will
also estimate the channel coefficient to decide the transmission
rate. If a channel is sensed to be free, but the channel quality
between the secondary transceiver pair is not satisfactory, the
secondary user may still skip this channel and keep sensing
other channels. The opportunistic transmission creates a new
degree of freedom for the secondary user. The goal of the
secondary user is to find a free and good channel as quickly
as possible. In this case, the channel sensing problem can
be formulated as an optimal stopping rule problem [7] if the
channel sensing order is determined in advance. Our aim is
to find an optimal channel sensing order such that the user
achieves the maximal gain. Single-channel and multi-channel
medium access control with opportunistic transmissions have
been studied in [8] and [9], respectively. The major difference
between [8], [9] and our work is that in [8] and [9], the single
and multiple channels are assumed to be always available, and
hence, different sensing orders do not make any difference
in the achieved gain. In our research, we examine instead
the optimal sensing order problem for the cognitive radio
setup in which the channels are not always available (due to
activities of the primary users) and the channel availability
probabilities are different from one another. We show that
the intuitive and plausible strategy that the secondary user
senses the channels with the larger availability probabilities
first does not generally lead to an optimal solution. We then
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propose a dynamic programming approach to obtain an opti-
mal solution. We also examine several scenarios with certain
structures and find simple optimal rules for these scenarios.
Further, we investigate more complex scenarios (e.g., with
unknown channel availability probabilities), and the scenario
with channel sensing errors as well.

The rest of this paper is organized as follows. The network
model is described in Section II. The optimal sensing order
problem in a generic case is investigated in Section III. Some
special cases with resulting simple sensing orders are studied
in Section IV, while more complex scenarios are discussed
in Section V. The impact of sensing errors is discussed and
addressed in Section VI, followed by concluding remarks and
further discussions in Section VII.

II. NETWORK MODEL

Consider a secondary user and a number, NV, of potential
channels having IDs from 1 to N. The secondary user is
operated in a time-slotted fashion, where the length of each
time slot is 7. The secondary user also has a sensing order
(s1, 82, ..., SN ), which is a permutation of the set {1,2,..., N}.
In a given time slot, the secondary user senses the channels
sequentially according to the sensing order, until it stops at
a channel based on a specific criterion (e.g., the channel is
sensed to be free and it has acceptable channel quality), and
transmits its information in that channel during the remainder
of that time slot. It is assumed that accurate channel sensing is
achieved, and there is no sensing error. The impact of channel
sensing errors is to be discussed in Section VI. Fig. 1 shows
the channel sensing and information transmission procedure
at the secondary user in a time slot, where the user stops
at channel sg, and 7 denotes the time needed for sensing a
channel and estimating the channel gain, which is assumed to
be the same in all the channels.

In each time slot, channel ¢ (1 < ¢ < N) is free (i.e., no
primary user activity) with probability 6;(€ (0, 1)), which is
the availability probability of that channel. With little loss of
generality, we assume that no two channels have the same
availability probability. For each channel, the busy/free status
in each slot is assumed to be independent of the status in other
slots, and also to be independent of the status in other channels
as well. We consider fading channels. For each channel, the
signal-to-noise ratio (SNR) is fixed within a time slot, and
changes randomly at the beginning of the next time slot. The
channel SNR ~ is assumed to be independent and identically
distributed across time slots and across different channels,
with a common probability density function (pdf) denoted
by hsnyr(7y). Opportunistic transmissions are used. If the
secondary user decides to transmit in a free channel ¢, the
achievable transmission rate is f(SNR;) where SN R; is the
SNR of the secondary user in channel ¢, and f(-) is a non-
descending function mapping SNR to the transmission rate.
With this model, the channel sensing problem becomes an
optimal stopping problem [7], [9] as described below.

If channel s; is sensed busy, then the secondary user
proceeds to sense channel s;;;. When channel s; is sensed
free, the secondary user will transmit at channel s; as long
as the achieved transmission rate at channel s; is greater than

-
g
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SN

Channel sensing and estimation

Information transmission

Fig. 1. The channel sensing and information transmission procedure at a
secondary user in a time slot.

the expected rate if the user proceeds to the next channel (i.e.,
channel s;;1). Hence, the reward (throughput) at channel s;
is given by

cif (SNR,), ifi= N (stop at channel s;)
Cif(SNRSi), if ¢ 7é N and le(SNRsl) > Ui+1
(stop at channel s;)
otherwise (proceed to channel s;41)
ey
where c; is the effectiveness of transmitting at channel s;,
given by ¢; = 1 — % (from Fig. 1), and U;+; ¢ < N — 1)
is the expected reward at channel s, if the user proceeds to
that channel, given by

U; =

Uit1,

U _ 951‘+1E[ui+1} + (1 - 93i+1)Ui+27 ifi<N-1
Sal 051‘+1E[ui+1}7 ifi=N-1
2
where [E[] denotes expectation. The  sequence

{U1,Us,...,UN} can be obtained recursively from Uy
to Uy using (1) and (2) [9]. No recall is allowed, i.e., the
secondary user cannot return to transmit at a previously
sensed channel. This requirement is reasonable for the
following reason. In a secondary network, it is possible that a
number of secondary users exist. If a secondary user returns
to access a previously free channel, a collision may happen
since the channel may be accessed by another secondary user
at that time.

The expected reward U; represents the expected transmis-
sion rate of the secondary user with the N channels, and is
dependent on the sensing order. The goal of this paper is to
find an optimal sensing order and the corresponding stopping
rule.
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III. OPTIMAL SELECTION OF SENSING ORDER

A. Is the Intuitive Sensing Order Optimal?

The goal of channel sensing is to find an acceptable wireless
channel (i.e., a channel that is free and has satisfactory
channel gain) as quickly as possible. In a general stopping
rule problem, it is shown that an optimal sensing order cannot
be determined by a function of the moments of the random
variables to be observed [10]. However, observation overhead
(e.g., the 7 in Fig. 1) is not considered in this finding. And
additionally, in the general case discussed, each random vari-
able can have any arbitrary distribution. Thus the preceding
finding may be too “general" for our special case, in which all
the channels (viewed as random variables to be observed) are
statistically identical (except for the availability probabilities)
and independent. For our case, it is not unreasonable to
expect that the user should check the channels according to
descending order of 0;, referred to as Intuitive Sensing Order.
In other words, the first moment of the random variables
is used to determine the sensing order. Indeed, the Intuitive
Sensing Order is optimal when adaptive modulation is not
used, as shown in the following lemma. Without adaptive
modulation, we assume that whenever the user transmits, the
rate is a constant R !.

Lemma 1: If adaptive modulation is not used, the user
should stop at the first free channel, and the Intuitive Sensing
Order is optimal in terms of expected reward U; .

Proof: When adaptive modulation is not used, we have

f(SNR;) =R, Vi. 3)

At any channel s;, if it is sensed to be free, the transmission
rate if the user stops here is ¢; R > ¢;41 R > U4, i.e., greater
than the expected transmission rate if the user proceeds to
channel s;4;. So from (1), the user should stop at the first
available channel.

We prove the optimality of the Intuitive Sensing Or-
der by contradiction. Suppose an optimal sensing order is
(s1, 82, ..., N, and there exists kK < N such that 0, < 6
Then from (2), we have

Sk+1°

Uy
GskckR + (1 — esk)(93k+lck+1R + (1 —
= (Ospcr+ 05 cry1)R— 04,05, ci1 R
+(1 = 05,)(1 = 05, )Uk12 4)

where we define Uny1 = 0 (for the case k = N — 1).

We get a new sensing order by switching the order of
channels s; and si41, and keeping all the other channels the
same. We have

95k+1 )Uk+2)

Ulgew = (03k+1ck + 05, Ck+1)R - 95k03k+lck+1R

+(1 - esk)(]‘ - 95k+1)Uk7+2' (5)

'When adaptive modulation is not used, it is possible that a transmission
may fail due to poor channel quality. So it may be desirable to let the user
skip a free channel when the channel gain is below a threshold A. This case
is actually equivalent to the case in which 1) the availability probability of
channel 7 € {1,..., N'} is 6} = 6;-Prob{channel gain > A}, and 2) whenever
the user transmits, the rate is R.

Since ¢ > cx41 and 6, < 6
U < U™, Further we have

kal = stflckflR + (1 —
< Gskflck_lR + (1 —

s.41» it can be easily seen that

951%1 )Uk

05 )UL™ = U2y (6)

Similarly, we have U; < U{*". This contradicts the assump-
tion that the sensing order (s, S2, ..., ) is optimal. |

On the other hand, when adaptive modulation is adopted,
the Intuitive Sensing Order may no longer be optimal. We
demonstrate this by examples as follows.

Let I' denote the mean channel gain of each channel.
Consider the case of Rayleigh fading, in which the pdf of
the channel gain is

=2

1
hSNR('Y) =—=e T, 7> 0. 7)

r
Assume that the transmission rate achievable in channel
(when channel i is free) is log(1 + SNR;). The secondary
user senses the channels according to the order (s1, S2, ..., S
Then we have

& 1 _5 1
Un =04y enlog(1+7)- Fe Tdv= Oy cnet/Tep (fg
(3)
where
o0 e—t
V() = / — ot ©))
For 1 <¢ < N, we have
Ui = 0sE[w]+ (1-0s)Uits
1 4
= 0, {/ cilog(l+7) - e Tdy
cilog(1+’y)>Ui+1 r
1
+/ Ui+1 . —6_%d’)/:|
cl0g(147)<Ui 41 r

+(1 = 05,)Uit1

e 1 4
= QSiCi/UHl log(1+7)- fe_fd’y
e ¢ —1

Uit
e ‘i —1
1 _5
+605, Ui / fe_fdy + (1 —05,)Uit1
0
Uit1

= Ogce/Ty | S | + Ui (10)
Let the expected reward for a sensing order (sq, S, ..., Sn) be

denoted by
G(9517032?"'?05N) =U (11)

where G(x1,x3,...,x;) means the expected reward for the
case in which i) there are k potential channels with availabil-
ity probabilities x1,x2, ..., and xj, respectively, and ii) the
sensing order is to sense first the channel with availability
probability x, then the channel with x5, ..., and finally the
channel with z;..

Lemma 2: There exist 6; and 6 such that 8; > 65, but
G(Gl, 92) < G(eg, 91)

Proof: Let 7/T = 0.01, T = 10, 6; = 0.9, and 63 = 0.5.

Then G(91,92) =1.95< G(92,91) = 2.02. |

Lemma 2 indicates that the Intuitive Sensing Order is not
optimal in general.
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Lemma 3: There exist 61,02 and 65 so that G(61,602) >
G(@g,&l) and G(92,93) > G(93,92), but G(91,92,93) <
G(02,01,05).

Proof: Let 7/T = 0.01, T = 10, 6; = 0.2, 63 = 0.6,
and 63 = 0.9. Then G(91,92) = 1.3672 > G(92,91) =
1.3600; G(62,03) = 2.0741 > G(03,02) = 2.0060; and
G(01,92, 93) =2.1215< G(02791, 93) = 2.1257. |

Lemma 3 indicates that concatenation of optimal sensing
orders does not lead to an optimal order in general.

B. A Dynamic Programming Solution for Optimal Sensing
Order Search

Since the Intuitive Sensing Order is not optimal in general,
it may seem necessary to use brute force search to find an
optimal order. The computational complexity of brute force
search is O(N - N!) if the complexity in calculating the
expected reward at a specific channel is O(1). In this situation,
a low-complexity method is desired, and this is our target.
Before describing our low-complexity method, we present the
following lemma.

Lemma 4: For a set of N channels with availability prob-
abilities 61,0, ..., and Oy, if (s1,$2,...,sn) is an optimal
sensing order, then for any k € {1,2,..., N}, U,isl’”"“’s”) is
not less than U™ k-0 Pk 58) “yhere P(sy, ..., sn)
denotes any permutation of (s, ..., sx), and U™ "N g
given by (2) when the sensing order is (21,22, ..., ZN).

Proof: We use proof by contradiction. Suppose there exist
ke {1,2,..,N} and P(sg, ..., sn) such that U <
Uésl’SQ""sk’l’P(s"’ """ ) Then we have (12) on the top of
the next page. Using similar steps, finally we obtain

U1(51782"“78N) < Ul(sl,SZ ..... Sk—1,P(Skse--s SN)) (13)
which contradicts the condition that (sq,$2,...,8x5) is an
optimal sensing order. This completes the proof. ]

Based on Lemma 4, we can formulate a dynamic program-
ming solution for the optimal sensing order problem of the
secondary user, as follows.

Stage 1 — Calculate the maximal expected reward® value
associated with the final channel in the sensing order. In
this stage, a state is represented by the set of sensed chan-
nels (¢1,%2,...,2n5—1). So there exist (Nj\il) states. For state
(i1,12, ...,iny—_1), the maximal reward is

ernax(ihi%'"ail\/'fl)
ZQzeN\{il,ig,..A,mfl}/O enf()hsnr(y)dy (14)

where the superscript ‘1’ means the stage number and N
denotes the set of all N potential channels. Since the com-
putational complexity for the calculation at a channel is O(1),
the computational complexity at this stage is O(( NJX 1))
Stage k (1 < k < N) — Calculate the maximal reward value
associated with the kth from the last channel in the sensing
order, based on results in stage k — 1. At this stage, N — k
channels, denoted by (1, ¢2, ..., .y —k), have been sensed. Thus
there are (Njik) states. Each state (i1, i3, ..., iy k) has k pos-
sible transitions to stage k — 1. The Ith (1 <[ < k) transition

2For presentation simplicity, we omit the qualifier “expected” in the sequel.

Stage 4

Stage 3 Stage 2 Stage 1

Fig. 2. The dynamic programming procedure with N = 4.

leads to state (¢1,...,¢nx—_k,J;) at stage k — 1, which means
channel j; € N\{i1, 2, ...,in—_k} is first sensed subsequently.
The reward associated with the [th transition is denoted as
F(jl7 Qﬁ:ai@h ceey iN*kvjl)) given by

F (1, QEot(in, oo in—r, 1))

= ejl f::(nﬁ,;}((il ..... ika.,jl)) CkaJrlf(’Y)hSNR('Y)drY

CN—k41 ot
f—l(ﬂrn;x(il ----- ikavJ'z))

+ Qi - iv—ns 1) Jo Nk

hSNR(W)dV} + (1= 0;) %k (i1, ey iN— ks 1)

(15)
So the maximal reward of state (i1, io,...,2x5_k) iS
QF  (i1,00, yin_p) = 1rgla§kF(jl,Qﬁ;i(i1, s Nk 1))
(16)

At each state, it is also recorded which transition leads to
the maximal reward. The computational complexity of each
state is O(k), with O(1) for each transition. So the total
computational complexity at stage k is O k:( NJX k) .

After the maximal reward value is obtained at stage N (i.e.,
the stage when no channel has been sensed yet), an optimal
sensing order can be traced back according to the recorded
optimal transition at each state.

The computational complexity of the preceding dynamic
programming solution is

O<ZN:k<NJi k)) = O(N -2N71),

k=1

17)

Fig. 2 illustrates the dynamic programming procedure for the
case N = 4. Table I shows a comparison of the computational
complexity of brute force search and our dynamic program-
ming solution when N varies from 2 to 20. We can see that our
solution can significantly lower the computational overhead,
especially when N is large.

C. Numerical Results

For a secondary user with three potential channels, Fig. 3
shows the expected reward U; with the optimal sensing order
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U(él 52,--,5N)
= U5, / ( o182, SN>> ce—1f(v)hsnr(7)dy + U;isl’”
f—l
L [
+(1 - QSkfl)UIEShSQ“”’SN)
I oo
= 0s,_, / (U]Esl,sz ..... Sk_1:P(Sgseees sN))> ch—1f(V)hsnvr(7y)
ro| 2
L Ck—1

.....

(s1,s2
Yk

Ck

-1
+U’£sl,32,...,sN) /f (
0

-0

VE RADIO

.....

ck—1f(V)hsnr(y)dy

)UI§317527-~-75N)

Sk—1

(51,82, Sp—1:P(sg,-s sN))
Yk

)

o0 Ck—1
1189081 P (S yeeers
< 05&-—1 / U(SI’52 """ Sk—1:P (g0 sN)) ckflf(rY)hSNR(rY)dry—’— ka(:‘Sl e éN))/ (81,52,--,8N)
fd( : i > o ( v )
1
- ( plnes SN))
Ch—1
hsnr(y)dy + Ué51,827-~-7SN) / hsnr(y)dy| + (1 — eskfl)U]EShSZ’...’SN)
0
(51+82 18— 1 P(5greer5N))
= f71< ’ >
1,82, o 1P (Sksees ; Ch—1
< bs,, |:/ (U(sl,SQ ..... Sk 1 P(spseees sN))> ck—1f(Vhsnr(y)dy + Ulisl 52,05k —1,P(sk -5N))/
f—l k 0
Ch—1
hSNR(’Y)d’Y + (1 _ esk,l)U;iSl’sz"wsN)
_ - ( U}(csl,sz ..... S 1 P(spreees sN))>
1,520 o1, P(Skoeees - ch—1
< Osy_, [/ (U(sl,SQ ..... Sk 1 P(sgseees sN))> ck—1f(Vhsnr(y)dy + Ulisl 52,055 1,P(sk -5N))/
-1 k 0
Ch—1
182558k — 1, P (S50 e0y
hsnr(v)dy| + (1 — Oskfl)UliSl 52,0058, —1,P(Sk;058N))
_ U£i1£527-~-3k—17P<3k7-~-75N>)- (12)
TABLE I
THE COMPUTATIONAL COMPLEXITY OF BRUTE FORCE SEARCH AND DYNAMIC PROGRAMMING.
N 2 4 6 8 10 15 20
Brute force search complexity O(+) 4196 ] 4320 | 3.2x10° | 3.6 x 107 | 2.0 x 103 | 4.9 x 1077
Dynamic programming complexity O(-) | 4 | 32 [ 192 1024 5120 2.5 x 10° 1.0 x 107

when 6; and 65 are fixed, while 63 varies from 0.1 to 0.9.
A Rayleigh fading channel model is used, in which the pdf
of the channel gain is hsyr(y) = %67%,7 > 0. And the
transmission rate achievable in channel ¢ (when channel i is
free) is log(1+ SN R;). In Fig. 3, the legend shows the values
of 6; and 0s. It can be seen that, when 6; and 05 are large (e.g.,
0.9 and 0.8, respectively), increasing #3 does not bring about a
significant increase in U;. This is because when a channel has
a large availability probability, the chance that the secondary
user stops at this channel is also large. So the impact of other
channels is not significant. On the other hand, when #; and 65
are small (e.g., 0.2 and 0.1, respectively), increasing 3 leads
to a significant change in U;, as shown in Fig. 3.

IV. SIMPLE OPTIMAL SENSING ORDERS IN SPECIAL
CASES

In some special cases, a simple optimal sensing order
exists, with much lower computational complexity (than both
dynamic programming and brute force search), as we show in
this section.

In a real system, it may not be practical to have continuous
variable values for the transmission rate in adaptive modula-
tion (e.g., to achieve log(1 + SN R;) exactly). Thus adaptive
modulation with finite states is more practical. To implement
this, for each channel, M —1 thresholds divide the SNR range
(0,00) into M regions, with region i corresponding to an
achievable rate R; (R; > Ry > ... > Rjs). When a channel
is free, the probability of achievable rate R; is denoted as p;,
which can be obtained from the channel gain distribution. We
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Expected reward U : with optimal sensing order

1.2t

1l —6—(0.9,0.8)| |
—%— (0.9, 0.1)

0.8¢ —%— (0.5, 0.4)| ]

06l ——(0.2,0.1)| |

01 02 03 04 05 06 07 08 09
Availability probability of channel 3

Fig. 3. The expected reward U; with optimal sensing order when 63 varies
in a three-potential-channel case.

have Z;Vil p; = 1. Let R= z]]\/il piR;.

Lemma 5: 1f 6; > C’Z—}\:l %, Vi, then at each sensed channel
except the last one, the secondary user should stop at the
channel (i.e., transmit its information) only if the channel is
free and the achievable transmission rate in the channel is R;.

Proof: Consider a sensing order (s1, s2, ..., sy ). If chan-
nel s (1 <k < N) is sensed free, then the expected reward
if the user proceeds to channel sy is

— _cn1 R —
Uk+1 > 03k+1 Ck+1R > JCVNl % . Ck+1R
R _
> % R=cRe. (18)
Cck+1 R

On the other hand, if the secondary user proceeds to channel
Sk+1, then its transmission effectiveness is not larger than
Ck+1, as the transmission effectiveness is cx+1, Ck+2, ..., and
cy if the secondary user stops at channel s;y1, Sgt2, ..., and
sn, respectively. Since the maximum achievable rate is R;,
we have

Ukt1 < cpp1 B < cp Ry (19)

From (18) and (19), the expected reward of proceeding to
channel sy4; is smaller than ¢, R; and larger than (or equal
t0®) ¢, Rs. Therefore, at channel sy, if the channel is free
and the achievable transmission rate is 1?1, the secondary user
transmits in channel sg; otherwise (i.e., either channel sj is
busy, or the channel is free but the achievable transmission rate
is among {Ra, R, ..., Ry }), the secondary user proceeds to
channel sg1. This completes the proof. ]

From Lemma 5, we have the following simple optimal
sensing order case.

Lemma 6: 1f 0; > 02’—1;1 B2 Vi, then in any optimal sensing
order denoted by (s1, S2, ..., Sn), 1) the first N — 1 channels
should be in descending order of their channel availability
probabilities, i.e., 85, > 05, > ... > 05, _,; and 2) b, , >
QSN if ey_1p1 Ry > CNR, and 95N71 < QSN if eyoip1 Ry <
CNE.

3The equality happens only when 1) k = N —1, and 2) Osy = '

Proof: We first prove claim 1) using proof by contradic-
tion. Suppose there exists £k < N — 2, such that 6, < 0
From Lemma 5, the expected reward at channel sy, is

Sk41°

Ug = Os,prceRi+ (1= 05,p1)Uk+1
= Os,prcR1+ (1 —05,1)
'(9sk+1plck+1Rl + (1 - 9sk+1p1)Uk+2)
= Ospickli + 05, prces1 R — 05,05, Pick1 Ra
+(1 =05, p1)(1 = b5, p1)Upy2.

If we switch the positions of channels s; and s;y; in the
sensing order, a new order can be obtained. For the new order
we have

Up™ = 98k+lplckR1 +0s.prcgr1 R — 98k95k+1p%ck+1R1
+(1 =05, p1)(1 = 05, P1)Upy2. (20)

Then we have
Ulrglew - U = (03k+1 - QSk)(Ck - Ck+1)p1R1 > 0. 2D

Using a similar derivation to that used in the proof of Lemma
4, we obtain

Uy > U (22)

This contradicts the condition that the sensing order
(s1, 52, ..., Sn) is optimal.

Next we prove claim 2). For the optimal sensing order
(s1, 82, ..., 5N), from Lemma 5 we have

Un-1="0sy_p1icN—1R1+ (1 —0sy_,p1)Un

=05y preN—1R1 + (1 — 05y ,p1)0syCnR
= 95N71p16N71R1 + GSNCNR — 03N7195Np16’NR

If we switch the positions of channel sy_; and sy in the
sensing order, we obtain a new sensing order, and we have

UII{/?Yl = eszlcNflRl =+ GSNflCNF — GSNflﬁszlCN}_%
(23)

and

Un—1—URY = 05y, —Osy)(en—1p1R1 — CNR). (24)

From Lemma 4, it can be seen that Uy_1 > URXY,. Thus we
have 95N71 > 95N if CN_1p1R1 > CNE; and 95N71 < QSN if
en_1p1R1 < ONR. If cy_1p1 Ry = CyR, the new sensing
order is also optimal. [ ]

From Lemma 6, we can have the following observations.

o If 0, > C];]_]\:l%’ Vi, and cy_1p1 R1 > CNE, then the
Intuitive Sensing Order is optimal.

o If §; > %% Vi, and cy_1p1 Ry = cnR, then in
the optimal sensing order (s1, S2, ..., S5 ), we have 65, >
0s, > ... > 85, _,. To obtain an optimal sensing order,
we need to calculate the expected rewards U;’s in N
possible sensing orders, each with the last channel being
channel 1, 2,..., and N, respectively, and the first N —
1 channels being in descending order of their channel
availability probabilities. The computational complexity
for each sensing order is O(N). So the computational
complexity of the optimal sensing order search is O(N?).

o If 6, > C’Z—;%, Vi, and cy_1p1R1 < cnR, then
in the optimal sensing order (si,S2,...,Sn), we have
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05, > 05, > ... > 65, _,, and channel sy_; should
be the one with the minimum availability probability.
Accordingly the computational complexity of the optimal
sensing order search is O(N (N — 1)).

Lemma 7: If there exists m € {1,2,..., M}, such that
Ryy1 < Ug/ek—1 < Rp* for VE € {2,3,..., N} in any
sensing order, then the first NV — 1 channels in any optimal
sensing order should be in descending order of their channel
availability probabilities.

Proof: We use proof by contradiction. Consider an opti-
mal sensing order (si, So, ..., Sn). Suppose there exists k <
N — 2, such that 6, < @ Since Ryt1 < Ugyo/cri1 <
R,,, we have

Sk+1°

Uky1 =05, ijCkJrle + (1 =0, ij)Uk+2~ (25)

j=1 =1

And further we have

Os, Y pjcrRy+ (1 =05 > pj)Uki1

Uy, =
j=1 j=1
= stck ijRj + (1 — st ij)(03k+1ck+1
j=1 j=1

95k+1 ij> Uk+2)

Jj=1

> iR+ (1-
j=1

= (Oscx+Osicri1) D PiR

Jj=1

m m
—0s, 05, 11 Cht1 ij ijRj
j=1  j=1

Osir > 0i)Uki2.  (26)

Jj=1

H1=0, > p))(1 -

Now we switch the positions of channels s; and sg41 in the
sensing order, and obtain a new sensing order. The expected
reward at the kth sensing of the new order is

m

U™ = (98k+1ck + 98k0k+1) ijRj

Jj=1

m m

_95k95k+1 Ck+1 ij Z ijj
j=1 j=1

m m

+(1 - 03&- ij)(l - 95k+1 ij)Uk+2~(27)

j=1 j=1

And we have

Up™ — Ug = (05, — 0s,)(ck — cry1) Y _piR; > 0. (28)

Jj=1
Using a similar derivation to that used in the proof of Lemma
4, we further have

U s 1. (29)

This contradicts the condition that the sensing order
(81,82, ..., 8N) is optimal. [ ]

4We set Rpr41 to 0.

Directly applying Lemma 7 leads to the following lemma.
Lemma 8: For N potential channels, if EZ?; 0; < Ry,
then the first N — 1 channels in any optimal sensing order
should be in descending order of their channel availability
probabilities.
Proof: For any sensing order (si, s2, ..., Sny), we have

UN QSNCNR
Uk = esk Z ijkRj
1<j<M; ek Rj>Uk41
+(1 - 95k Z pj)Uk-‘rl

1<G<M; e Rj>Ug4a
< 95k Z ijk:Rj + Uk+1
1<j<M

= Os.ckR+ Uy, for 1<k<N-1.

It can be seen that Uy < Zi\]:k Os,ciR, for Vk € {1,...,N},
and further we have

N N N
U < Z&siciﬁ < Ckﬁzesi < Ck_lﬁzei < cp_ 1Ry
i=k =1 =1

which leads to Uy /ck—1 < Ry, for Vk € {1,2,.., N}. Here
we have ¢g = 1. From Lemma 7, the first N — 1 channels
in any optimal sensing order should be in descending order
of their channel availability probabilities. This completes the
proof. [ ]

Lemma 8 indicates that when the summation of the N
channel availability probabilities is small enough, a simple
optimal sensing order may exist. On the other hand, it is
possible that Rps = 0. In this case we have the following
lemma.

Lemma 9: For the case with Ry = 0 and Ry;—1 > 0, if
ﬁzij\il 0; < Rpr—1, then the first N — 1 channels in any
optimal sensing order should be in descending order of their
channel availability probabilities.

Proof: Similar to the proof of Lemma 8, we have
Uy /ck—1 < Rp—1, for Vk € {1,2,.., N}. On the other hand,
Uy /ck—1 > Ry = 0. From Lemma 7, the first N —1 channels
in any optimal sensing order should be in descending order of
their channel availability probabilities. [ ]

V. MORE COMPLEX SCENARIOS

In the preceding sections, the availability probability of
each channel is fixed, and is known a priori. In addition, the
duration of a time slot is assumed to be sufficient to sense
up to NV channels sequentially. In the sequel, more complex
scenarios will be discussed.

A. Non-fixed and Unknown 6

We consider the scenario in which the channel availability
probabilities, 6;’s, are not fixed for the long term. Rather
0 = (01,--- ,0y) is fixed in a single time slot but randomly
changes at the beginning of the next time slot according
to joint pdf g(0). At the beginning of each time slot, the
secondary user does not know the exact values of the 6;’s.
After each sensing, the cognitive user can obtain posterior pdf
g""%(0) using Bayes’ formula as detailed in the sequel. The
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secondary user thus has finer information about the value of
6 and can then use this updated information in making future
decisions.

1) Without Adaptive Modulation: We know from Sec-
tion III that, when adaptive modulation is not adopted, we
should sense the channels according to descending order of
the 6;’s if these are fixed and known to the secondary user.
Similarly, with unknown 6, one may guess that the secondary
user should sense the channels according to descending order
of 6; = [0;9(0)dA. However, this may not lead to optimal
performance. Generally, the sensing of each channel at each
slot will have two effects: short-term gain and long-term
gain. The short-term gain refers to the opportunity for packet
transmission in the current slot (if the channel is sensed free),
while the long-term gain refers to the ability to update the
state information about the channel (e.g., about g(@)), which
can benefit later decisions about which channels to sense
in subsequent slots. It is obvious that selecting the largest
0; to sense based on available information maximizes only
the short-term gain. An optimal solution should thus balance
between short-term gain and long term gain. The optimal
balance can be achieved via dynamic programming as follows.
As adaptive modulation is not used, clearly the user should
transmit at the first sensed-free channel, with constant rate .

Stage 1 — If the user proceeds to sense the final channel
in the sensing order, then a state is represented by the set of
sensed channels (i1, s, ..., iy—1). So there exist (" ,) states.
Since the user has proceeded to the final channel, this means
that the previous /N — 1 sensed channels are all busy. Thus the
pdf of @ at state (i1,42,...,2ny—1) can be updated via Bayes’
formula as follows:

(Wi in....in 1y (1 = 07))9(6)
S (Wie gy inin 1y (1 = 05))g(0)dO
Thus, the maximal reward at this state is

new )(0) —

9(irsiz,eyin—1

QL (i1, i2, .y in_1)

= CNR/ejGN\{il,i27-~-,i1\r71}gl(lffiig,...,iz\r,l)(e)de'

Stage £ (1 < kK < N) — We assume that the first N — k
channels in the sensing order have been sensed to be busy.
A state is then represented by the set of sensed channels
(i1,%2,...,iN—k), and so there are (Nlik) states at this stage.
At state (41,199, ...,iN—), the pdf of 8 is updated as

(HJ'G{ihizwu,ika}(l - 9]))9(6)
S (Wic g iain 1y (1= 0;)) 9(0)d0
Each state (¢1,%2,...,¢ny—k) has k possible transitions to
stage k — 1. The Ith (1 < [ < k) transition leads to
state (i1,...,2N—k,Ji) at stage k — 1, which means channel

gi € N\{i1,12,...,in_} is first sensed subsequently. So the
maximal reward at state (i1, %2,...,iN_%) iS given by

(30)

Iirin1)(0) =

QF (i1, in_k)

~ max {cMHR / 00 i (0)0

+ (1_/0jlg?iexu.7iNk)(g)d0> 'Q§1;>1c(i1’ ""iNk?jl)}'

At each state, we also record which transition leads to the
maximal reward. And after the maximal reward is obtained at
stage N (i.e., the stage at which no channel has been sensed
yet), an optimal sensing order can be traced back according
to the recorded optimal transition at each state.

2) With Adaptive Modulation: When adaptive modulation
is adopted, the user may skip a channel if the channel
is available but of poor quality. A dynamic programming
approach similar to that in Section V-Al can be used to
find an optimal balance between short-term and long-term
gains, but with higher complexity. In the following, only the
differences between this and the non-adaptive modulation case
are discussed.

Stage 1 — Assume that there is one channel remaining
unsensed. With the same subset of NV — 1 sensed channels,
different sensing results of the N — 1 channels will lead
to different updated version of ¢(@). Therefore, we have
(v¥,)2V=1 states, where (,,) is the number of subsets
of the N — 1 sensed channels, and the factor 2V~ is due to
the fact that each sensed channel may be either free or busy.
A state is denoted by ((i1, 2, ), (42, 2ig); ey (AN—1, Zin_1))s
where 71,12, ...,iny_1 are the sensed channels, and z;, is the
sensing result (‘1° for free and ‘0’ for busy) of channel 7;. The
state has maximal reward

Q}nax((ih Zi1)7 ceey (@'N—l, ZiN,l))

=/9me/\f\{z’1 ..... i1 Gz, ) Cinzig oo (i1 2y, ) (0)AO

[ enthsna()dy 31y
0
where the updated pdf of 0 is
gl(j(ex’z'il)a(i27zi2)7"'7(iN71az'iN,]))(0)
_ (e iy igrnnin_13wi)9(0) (32)
S (Wicgiyin,in_yws) 9(0)d6
with 0 " )
o s 1 Zj =
wj_{ 1—9]‘ iijZO. (33)

Stage £ (1 < k£ < N) — Assume there are k channels
remaining unsensed, in which case there are ( NJX k) 2N=F pos-
sible states. For state ((il, Ziy )y (125 Ziy )y ooy (AN —ks zika)), if
channel j; (1 <1 <k, 5; € M\{i1,...,in_}) is selected
to sense, it leads to state ((i1, 2i, ), ..., (iN—k; Zix_,.)> (J1, 1))
in stage k — 1 if the channel is sensed free, and to state
(1,2, )y -or (iN—» Zin ), (J1,0)) in stage k — 1 if the
channel is sensed busy. So the maximal reward at state
((i1,24,), (2, Zig ) oo (iN—ks Ziy_, ) is given in (34) on the
top of the next page. In (34), the updated pdf of 6 is obtained
similarly to (32).

B. Limited Sensing Capacity in Each Time Slot

When the number of potential channels, N, is large, it is
likely that the user cannot sequentially sense all possible N
channels in a time slot, i.e., we will have N7 > T. Let B
denote the maximum number of channels that can be sensed
sequentially in a time slot, i.e., B = [Z] (|| denoting the
floor function). Adaptive modulation is adopted.
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anax((ih Zi1)7 ey (iN—k> ZiN,k))

_ new

oo
{/ L Pax (17i) s (N g Zipy )26 D)
1 ( )

CN—k+41

+QF-1

max

+ (1 - /ejlg?(ex,zil),...,(ijvk,ziNk))(B)da) Qﬁ;;ulc((lb Ziy )7 ooy (iN—k> ZiN,k)7 (jl> O)) }

1) With Fixed and Known 6: When the 6;’s are fixed and
known to the secondary user, we have the following lemma.

Lemma 10: Any optimal sensing order is a permutation of
the channels with the B maximal values of 6;.

Proof: We use proof by contradiction. Suppose an optimal
sensing set and order is (s1, S2,...,Sp), and there exists a
channel s; (1 <[ < B) that is not among the channels with
the B maximal values of 6;. Among the channels with the
B maximal values of 6;, we select a channel that is not in
(S1,---,81-1, 8141, ---, sp) and denote it by j. Thus §; > 6;,.
It can be easily seen that

Ul(Sl,---78171,j751+17m753) > Ul(sl,---781—1751,Sz+1,---783). (35)
Using a similar method to that in the proof of Lemma 4, we
have

U(Sl7~~~73l—l7jvsl+1 ----- sB) N U(Sl7~-~,Sl7175173l+17-~-735)
1 1 .

(36)
This contradicts the condition that (s1, So, ..., Sp) is an optimal
sensing order. ]

Based on Lemma 10, the user needs to select only the
channels with the B maximal values of #;, and uses the method
in Sections III-B (for the general case) or IV (for simple cases)
to find an optimal sensing order.

2) With Non-fixed and Unknown 6: When the exact value
of 0 is not fixed and unknown a priori, and the user has only
the initial information of g(@), an optimal sensing order may
not be selected from the channels with the B maximal values
of 6;. Instead, a dynamic programming approach similar to
that in Section V-A2 can be used. The difference lies in that:
1) there are B stages, and 2) the number of states in stage
E(1<k<B)is (Bjik)ZB_k. The corresponding dynamic
programming procedure is a straightforward modification of
those above, and thus is omitted here.

VI. IMPACT OF CHANNEL SENSING ERRORS AND
SOLUTION

In the preceding sections, we have assumed that there are no
channel sensing errors. However, in a practical cognitive radio
network, channel sensing error is inevitable. In this section,
we investigate the impact of channel sensing errors and further
propose a solution to address this problem. In what follows, it
is assumed that the availability probability of each channel is
fixed, and is known a priori. Adaptive modulation is adopted.

1Sl§k7jz€%\a{}§17---,i1\uk} { /ejzg((il7Zi1)7~~~,(ika7Zz‘N7k))

f
((i17 Zi1)7 ) (iN—/W Zika)> (jh 1)) /
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(0)d0
en—k+1.f(Mhsvr(Y)dy
. (Qﬁ;}(((il ,zi1>,...,(iN,,€,ziN7k),(jl,l)))
A hSNR(V)d’Y]
0
(34)

In cognitive radio, the secondary user needs to sense
whether the primary user is present. In this detection problem,
a channel sensing error is represented by either a false alarm
(i.e., the primary users are idle, but the secondary user senses
the channel as busy) or a missed detection (i.e., the primary
users are active, but the secondary user senses the channel as
free). In the former case, the spectrum opportunity is wasted,
while in the latter case, a collision with the primary receivers
may happen. When a secondary user senses a channel, let
py and p,, denote the probability of false alarm and missed
detection, respectively, which are assumed to be known a
priori. For simplicity of exposition, suppose (1,2, ..., N) is an
optimal sensing order for the N potential channels. For each
channel i € {1,2, ..., N}, let §; denote the channel availability
probability, and 0; the perceived availability probability of
channel i. Then we have

éi = 9,(1 —pf) + (1 — Gi)pm.

So if the secondary user proceeds to channel ¢, the probability
of stopping at channel 7 is

0; /fml(&) hsnr(y)dy

where Ui+1 is the expected reward at channel ¢ 4 1 if the user
proceeds to that channel, and can be obtained recursively from
U N to U 1 (similar to the method to obtain U; in Section II).
So for channel 4, if there is primary activity in a time slot, the
probability of a collision at primary receivers is

(37)

Peyi = 1:_1:[1 (1 — Ok /;01<Ukk+1> hSNR(’V)d’Y)

“Pm /fool (ﬁ) hsnr(y)dy. (33)

On the right-hand side of (38), the three factors are the
probability that the secondary user proceeds to channel i,
the probability of missed detection in channel ¢, and the
probability that the channel gain of the secondary user at
channel ¢ is satisfactory, respectively.

Let p* € (0, 1] denote the tolerable probability of collisions
with primary users in each channel. If not all the p.; values
are bounded by p*, actions need to be taken. In this research,
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a trusting probability denoted by «; € (0, 1] is introduced for
channel :. If the physical layer at the secondary user indicates
a busy channel after sensing, the result is trusted, while if a
free channel is indicated, the result is trusted with probability
;. So we have

0i = ;i (0:(1 —ps) + (1 = 0:)pm), (39)
and
i1 o
Dei = H (1 —9Ak/ o hSNR(“Y)dV) “Dm

- /f OO<U_+> henr(y)d7. (40)

Accordingly, we propose the following procedure to bound
the probability of collisions with primary receivers in each
channel.

o Step 1: Seta; = 1, Vi€ {1,..,N};

o Step 2: Determine 9 and UZ, Vz and calculate p.;, V7;

« Step 3: Find the channel with the maximal value of p. ;,

and denote this channel index as i’;
o Step 4: If p.» < p*, terminate; otherwise, proceed to
Step 5;
e Step 5: Define a scale p = pp (1n which § < 1 is
a very small positive value), scale oy by a factor p (i.e.,
payr — o), and proceed to Step 2.
It can be seen that the termination condition of the preceding
procedure is p.; < p*, Vi.

Lemma 11: The preceding procedure terminates in a finite
number of updates. Here an update refers to scaling of an
once.

Proof: If p,, < p*, from (40) it can be seen that p.; <
p*, Vi. No update is needed. So in the following we consider
only the case with p,, > p*.

In Step 5, before o is scaled by p, we have p. » > p*. So

pr(1-9)

p=t" 14
De,i’

(41)

For any channel j € {1, ...,
1;, of updates, its trusting probability will be a;; < 1-(1 —
So we have

N}, if it has experienced a number,

8)b.

. N
Pe,j ]1_[ (1—ék/ O hSNR(V)d’Y) “Pm
= (%)

7R /]<M> hsnr(7y)dy
<
S Pm - Oy
< pm-(1- J)Zj

It can be seen that, if [; > P(’%tf;(_%)pm] ([-] denoting the
ceiling function), we have

(42)

|'logp* —log pm —|

. _ Tog (1—-0

m (1 6) og (1-3)

log p* —log pm
Tog (1—5)

Pe,j < DPm " (1 - 6)lj <
< Pm - (1 _6)

As aforementioned, when p.; < p*, a; will not be scaled
further. So it can be concluded that for each channel, its

trusting probability will be scaled for at most (%W
times. And for the N channels, the number of updates wifl be
bounded by N (k’glfg*(%(sf””] This completes the proof. W

A similar solution can be derived if the channels do not
have the same tolerable collision probability with the primary
receivers, e.g., p; for channel ¢. The difference lies in that: 1)
in Step 3, the channel with the maximal p.;/p; is selected;

ii) in Step 4, the termination condition is pm// p; < 1; and
p; (1= 5)

’

iii) in Step 5, p =

Pe,i

VII. CONCLUSIONS AND FURTHER DISCUSSIONS

For cognitive radio networks with multiple potential chan-
nels and opportunistic transmissions, we have shown that the
Intuitive Sensing Order may not be optimal when adaptive
modulation is used. We have also provided dynamic pro-
gramming solutions for determining optimal sensing orders. In
several special cases, we have also devised simple and optimal
sensing orders. The optimal sensing policies described in this
paper will provide useful insights into the design of multi-
channel medium access control protocols in cognitive radio
networks.

In this research, we have assumed the busy/free status
of each channel is independent from one slot to another.
So the derived optimal sensing order can be used in each
slot. On the other hand, when the channel busy/free status
among different time slots is correlated (e.g., follows an on-
off Markov model as in [2]), the sensing of each channel
at each slot will have both short-term gain (i.e., immediate
transmission opportunity) and long term gain (exploration
of channel statistics, which benefits sensing of subsequent
channels). So an optimal solution should strike a balance
between them. Therefore, the channel sensing order may be
different from one time slot to another. Generally a dynamic
programming approach can be used to find optimal sensing
orders in a fixed number of slots, which maximizes the total
throughput in these slots. As the computational complexity
is high, an interesting future research topic is to find sub-
optimal solutions with lower computational complexity and
comparable performance.

When there are multiple secondary users, it may not be
optimal that all the secondary users use the same sensing order.
For example, assume adaptive modulation is not used. When
all the secondary users use the same sensing order, they will
all select the first free channel in the order. Even if a good
contention resolution is in place, only one channel will be
used at any slot. In this case, a game theoretic approach might
be helpful to find effective strategies of sensing orders at the
secondary users.

REFERENCES

[1] S. Haykin, “Cognitive radio: brain-empowered wireless communica-
tions," IEEE J. Select. Areas Commun., vol. 23, no. 2, pp. 201-220,
Feb. 2005.

[2] Q. Zhao, L. Tong, A. Swami, and Y. Chen, “Decentralized cognitive
MAC for opportunistic spectrum access in ad hoc networks: a POMDP
framework," IEEE J. Select. Areas Commun., vol. 25, no. 3, pp. 589-600,
Apr. 2007.

[3] L. Lai, H. El Gamal, H. Jiang, and H. V. Poor, “Cognitive medium
access: exploration, exploitation and competition," IEEE/ACM Trans.
Networking, submitted Oct. 2007.



JIANG et al.: OPTIMAL SELECTION OF CHANNEL SENSING ORDER IN COGNITIVE RADIO 307

[4] A. Motamedi and A. Bahai, “Dynamic channel selection for spectrum
sharing in unlicensed bands," European Trans. Telecommun. Related
Technol., submitted 2007.

[5] N. B. Chang and M. Liu, “Optimal channel probing and transmission
scheduling for opportunistic spectrum access," in Proc. 13th ACM An-
nual International Conf. Mobile Computing Networking (MobiCom’07),
pp. 27-38, Montreal, QC, Canada, Sept. 2007.

[6] S. Guha, K. Munagala, and S. Sarkar, “Approximation schemes for infor-
mation acquisition and exploitation in multichannel wireless networks,"
in Proc. 44th Annual Allerton Conf. Commun., Control Computing,
Allerton, Monticello, IL, Sept. 2006.

[71 Y. S. Chow, H. Robbins, and D. Siegmund. Great Expectations: The
Theory of Optimal Stopping. Boston, MA: Houghton Mifflin, 1971.

[8] D. Zheng, W. Ge, and J. Zhang, “Distributed opportunistic scheduling
for ad-hoc networks with random access: an optimal stopping approach,"
IEEE Trans. Inform. Theory, submitted 2007.

[9] A. Sabharwal, A. Khoshnevis, and E. Knightly, “Opportunistic spectral

usage: Bounds and a multi-band CSMA/CA protocol," IEEE/ACM

Trans. Networking, vol. 15, no. 3, pp. 533-545, June 2007.

T. P. Hill and A. Hordijk, “Selection of order of observation in optimal

stopping problems," J. Applied Probability, vol. 22, no. 1, pp. 177-184,

Mar. 1985.

[10]

Hai Jiang (S°04-M’07) received the B.S. degree in
1995 and the M.S. degree in 1998, both in electron-
ics engineering, from Peking University, China and
the Ph.D. degree (with an Outstanding Achievement
in Graduate Studies Award) in 2006 in electrical en-
gineering from the University of Waterloo, Canada.
He was a Postdoctoral Fellow at the Department
of Electrical Engineering, Princeton University from
September 2006 to June 2007. Since July 2007, he
has been an Assistant Professor at the Department
of Electrical and Computer Engineering, University

r

of Alberta, Canada. His research interests include radio resource management,
cellulat/WLAN interworking, and cross-layer design for wireless multimedia
communications. He is an Associate Editor for IEEE TRANSACTIONS ON
VEHICULAR TECHNOLOGY.

Lifeng Lai (M’07) received the B.E. and M. E.
degrees in Information Science and Electrical Engi-
neering from Zhejiang University, Hangzhou, China
in 2001 and 2004 respectively, and the PhD degree
in Electrical and Computer Engineering from the
Ohio State University in Columbus, OH, in 2007.
From March 2007, he has been working at Princeton
University, first as a department guest then as a post-
doctoral research associate. He was a Distinguished
University Fellow of the Ohio State University from
2004 to 2007. His current research interest includes
network information theory, wireless networks security and sequential analysis
of wireless networks.

Rongfei Fan received the B.E. degree in 2007 in
electrical engineering from Harbin Institute of Tech-
nology, China. He is currently a graduate student
at the Department of Electrical and Computer Engi-
neering, University of Alberta, Canada. His research
interests include cognitive radio, ultra-wideband,
and localization in wireless sensor networks.

H. Vincent Poor (S’72-M’77-SM’82-F’87) received
the Ph.D. degree in EECS from Princeton University
in 1977. From 1977 until 1990, he was on the faculty
of the University of Illinois at Urbana-Champaign.
Since 1990 he has been on the faculty at Princeton,
where he is the Michael Henry Strater University
Professor of Electrical Engineering and Dean of
the School of Engineering and Applied Science.
Dr. Poor’s research interests are in the areas of
stochastic analysis, statistical signal processing and
their applications in wireless networks and related
fields. Among his publications in these areas is the recent book MIMO
Wireless Communications (Cambridge University Press, 2007).

Dr. Poor is a member of the National Academy of Engineering, a Fellow
of the American Academy of Arts and Sciences, and a former Guggenheim
Fellow. He is also a Fellow of the Institute of Mathematical Statistics, the
Optical Society of America, and other organizations. In 1990, he served
as President of the IEEE Information Theory Society, and in 2004-07 he
served as the Editor-in-Chief of the IEEE TRANSACTIONS ON INFORMATION
THEORY. Recent recognition of his work includes the 2005 IEEE Education
Medal and the 2007 IEEE Marconi Prize Paper Award.




