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Abstract— In this paper, we consider the applicability of
cooperative information transmission to wireless local area
networks (WLAN’s). As the next generation of WLAN’s
will utilize Orthogonal Frequency Division Multiplexing
(OFDM), we consider the analysis and design of coopera-
tive codes in the context of OFDM systems. We then con-
sider the information transfer through wireless local area
networks from an energy consumption perspective. For net-
works operating over a slowly Rayleigh fading channel, we
consider the optimum choice of partners for cooperation and
develop minimum energy cooperative routing protocols.

I. INTRODUCTION

Information transfer through wireless local area networks
(WLAN’s) involves simultaneous communication among
multiple source—destination pairs. Wireless local area net-
works may operate in infrastructure mode or as ad-hoc
networks. In the infrastructure mode the coordination of
these multiple communications is done via the access point.
The access point processes all the signals transmitted from
the sources (uplink) and forwards them to their respective
destinations (downlink). In the ad—hoc mode on the other
hand there is no fixed infrastructure and the terminals uti-
lize other terminals as relays to transfer information from
the source to its destination. Motivated by the diversity
effects and power efficiency of communicating via relaying,
recent research efforts have focused on cooperation among
the terminals in the network.

Sendonaris et al. [1] showed that cooperating mobiles in
a wireless network provide not only higher data rates, but
also decreased sensitivity to channel variations. One can
obtain spatial diversity through the use of this “virtual”
antenna array even if the mobiles are connected via noisy
links. Laneman et al. [2] incorporated the fact, that in
practice, the relaying mobile cannot receive and transmit
at the same time, and illustrated that cooperation is still
beneficial in reducing the outage probability. The approach
to user—cooperation through orthogonal channels via time
division multiplexing is given in Figure 1. This is a suit-
able representation for wireless local area networks, as they
operate in Time Division Duplex (TDD) mode.

Figure 2 illustrates the possible configurations of user—
cooperation in a wireless local area network. User Ty may
cooperate with user 75 to transmit its message to user T3.
Similarly, user T> may cooperate with user 77 to transmit
its message to user Ty. On the other hand, both user T3
and user T, may cooperate to transmit their signals to a
common destination, either user 75 or T}.
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Fig. 1. Time-division channel allocations: (a) orthogonal direct
transmission and (b) orthogonal cooperative diversity transmis-
sion.
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Fig. 2. Example of user—cooperation diversity in wireless local area
network.

Laneman et al. [2] considered different protocols to
achieve diversity gains such as amplify and forward or de-
code and forward. However, from a coding perspective
these protocols resemble repetition coding, and there are
more effective ways of designing channel codes. In [3],
[4] we demonstrated that an overall block fading channel
model [5] is appropriate in the case of user-cooperation,
since the cooperating terminals observe independently
faded channels towards the destination. This resulted in
a framework for the design of cooperative channel codes.
Cooperative coding approaches for Rayleigh fading chan-
nels have also been considered in [6], [7], [8], [9], [10].

Motivated by these results, it is of interest to consider
the design of cooperative channel codes for wireless local
area networks. As the next generation of WLAN’s will uti-
lize Orthogonal Frequency Division Multiplexing (OFDM),
we address the problem of analysis and design of coopera-
tive codes in the context of OFDM systems [11], [12]. We
then consider the information transfer through wireless lo-
cal area networks from an energy consumption perspective
and develop minimum energy cooperative routing proto-
cols. The paper is organized as follows. Section IT presents
cooperative coding in the context of OFDM systems. Sec-
tion III provides an energy consumption perspective on
coded cooperative systems and illustrates the energy sav-
ings of cooperative routing in comparison with traditional
multihop routing. Section IV concludes the paper.



II. CoOPERATIVE CODING FOR OFDM SYSTEMS

We consider an OFDM communication system and focus
on the cooperation between two users, 77 and 7. The user
T,—destination channels, have L; nonzero taps, ¢ = 1,2, re-
spectively. The OFDM system has K subcarriers. Each
channel codeword spans P adjacent OFDM words. Each
user experiences slow quasi-static Rayleigh fading channel.
The path gains of different users are assumed to be inde-
pendent. We assume perfect channel state information at
all the respective receivers.

The received signal can be expressed in the frequency
domain as [13]

Y[p7 k] = H[p, k]x[p7 k] +Z[p, k] (1)

k=0,.... K -1, p=1,...,P. H[p,k]is the matrix of
complex channel frequency response at the kth subcarrier
and at the pth time slot, x[p, k] and y[p, k] are the trans-
mitted signals and the received signals, respectively, at the
kth subcarrier and at the pth time slot, while z[p, k] is the
circularly symmetric complex Gaussian noise. H[p, k] can
be expressed as

L
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where §(-) is the Dirac delta function, L denotes the number
of nonzero taps and J; ;(1) is the complex amplitude of the
lth nonzero tap, whose delay is where n; is an integer

KA )
and Ay is the tone spacing of the OFDM system.

The channel frequency response between the jth trans-
mit antenna and the ith receive antenna at the pth time
slot and at the kth subcarrier, which is the (7, j)th element
of the H[p, k] in (1), can be expressed as

L
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where h; ;(p) = [8i;(1),-..,Bi;(L)] is the L-sized vec-
tor containing the time responses of all the nonzero taps
and wy(k) = [e7i2rhm/K  e=i2mhne/KIT contains the
corresponding DFT coefficients.

A. Performance Analysis

Without loss of generality, we study the cooperative cod-
ing performance gains from the perspective of node T.

Similar results would also be obtained for node T5. The
frame error probability (FEP) can be obtained as
coo in in S n S
P = (1 - P{"\PPY + PinPP® < PP + P"PP° (4)

where me denotes the FEP of the first half codeword over
the inter-user channel, PP* denotes the FEP over the block
fading channel when the cooperation takes place, and PfQS
denotes the frame error probability over the quasi—static
fading Ti—destination channel which the destination ob-
serves if Ty cannot decode T7. Let v, denote the received

signal-to—noise ratio at the destination corresponding to
the transmission from user 7. Similarly, let v» denote
the received signal-to—noise ratio at the destination corre-
sponding to the transmission from user T and <;, denote
the received signal-to—noise ratio at user T corresponding
to the transmission from user T;.

In the block fading model resulting from cooperation,
each block may have a different received signal-to—noise
ratio, different number of antennas and different number
of nonzero channel taps. Deriving the pairwise error prob-
ability for the block Rayleigh fading OFDM channel and
utilizing the union upper bound on the frame error prob-
ability, when node T} transmits in cooperation with node
Ts, the upper bound on the frame error probability, Pfco"p ,
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where r, denotes the rank of the codeword difference ma-
trices in the OFDM fading block b, b = 1,2, and r denotes
the rank of the codeword difference matrix between the
two entire codewords of Ti. The up’s, b = 1,2 are given
by p1 = [}, ki and po = [[}2, &;, where the k;’s and
the §;’s denote the nonzero eigenvalues of the product of
the codeword difference matrix and its respective conjugate
transpose for the OFDM fading block b =1 and b = 2, re-
spectively. The \;’s denote the nonzero eigenvalues of the
product of the codeword difference matrix between the two
entire codewords and its conjugate transpose.

We consider the case when, 71 & v2 & vin = 7, that is
all channels, including the inter—user channel, have similar
quality. This assumption simplifies the diversity analysis
and is quite reasonable at high signal-to—noise ratios in all
channels. In this case, P;°””, can be approximately upper
bounded by
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Here we have assumed that the codeword difference ma-
trices in both fading blocks, b = 1,2 are of full rank. Let
k = min{L;,, Lo}. At high signal-to—noise ratios, we have
the following approximation

PP s Ky oy (HH) (7



where the term Ky represents the coding parameters. This
means that when all links have the same average quality,
the diversity order achieved through cooperative coding de-
pends on k = min{Lsy, L;, }, as indicated by the exponent
of the signal-to—noise ratio.

Next, we focus on the case when the inter—user channel
is very good, i.e., it has a very high signal-to—noise ratio.
This could represent the scenario when the two partners
are located very close to each other. This means that P}”

is small and we simply have P;*”” ~ PP*". Hence,
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where Ko =32 3" . (H§=1 /Lb) . We observe that when

the inter-user channel quality is very good, the full user
cooperation diversity of (r1+r2) is achieved. In the scenario
when we have maximum transmit diversity r; = L; and
ro = Lo, the maximum user—cooperation diversity that can
be achieved is (r1 + 72) = (L1 + Lo).

Finally, when the inter-user channel quality is very poor,
the inter-user channel signal-to-noise ratio, v;,, will be
lower than the signal-to-noise ratio of the user-destination
channel. We can assume that ;""" < Cj,, for all signal-
to-noise ratios of interest. Hence, P)f‘mp is upper bounded

by the term P}"PJ(:? 5| yielding

Ks _
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where K3 = min. o {([TjL; A; [Tj2 1)~} In this case,
the diversity level is only r1. This is the same diversity
level achieved by 77 when there is no cooperation. How-
ever, there is still some coding gain, as indicated by the
eigenvalue product, compared to the conventional OFDM
system.

B. Numerical Examples

We next present the simulation results for the coded
cooperative OFDM system. We assume that the OFDM
system has K = 128 subcarriers. We consider the con-
straint length 7 convolutional code (133,171,117,165) and
BPSK modulation. We assume maximum likelihood de-
tection at the destination. The frame size is 256 bits and
each codeword spans P = 2 OFDM words. Both user-
destination channels are assumed to have two taps, namely
Ly =Ly=2.

Fig. 3 illustrates the frame error rate (FER) perfor-
mance comparison between the non-cooperative case and
the cooperative case for different inter-user channel qual-
ities. Both user-destination channels have similar quality.
We observe that when the inter-user channel quality is very
good, we achieve full diversity. The gain over the single user
performance is about 6.5 dB at a FER of 1073. We note
that even in the case when the inter-user channel FER is

single user performance ————
perfect inter-user channel ——<—
inter-user channel FER = 0.01 ——x—
inter-user channel FER= 0.1 —=—
inter-user channel FER = 0.5 —=—
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Fig. 3. Single user performance vs. two user cooperation, for different
inter-user channel qualities.

0.5, we still obtain about 2 dB improvement at a FER of
1073 as compared to the non-cooperative case.

Next we consider the scenario when one of the users has
much better channel to the destination than the other part-
ner. Fig. 4 illustrates the FER performance for both users
in this asymmetric scenario. We assume that user 77 has
better channel quality to the destination, i.e., its SNR is
fixed at 10.3 dB, resulting in a FER of 1073. We observe
the performance of both users as we vary the SNR of user
T,. The inter-user channel frame error rate is 10~!. From
Fig. 4 it can be observed that both users benefit from coop-
eration. User T; achieves the FER of 10~2 when the SNR
of user T5 is about -4 dB. At higher SNRs, its performance
is even better than in the non-cooperative case. User T3
also has significant gains, as it improves its performance by
about 5 dB with respect to the non-cooperative case.

user 1, no cooperation ————
user 2, no cooperation ——<——
user 1, inter-user channel FER = 0.1 ———
user 2, inter-user channel FER =0.1 —=——
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Fig. 4. Single user performance versus two user cooperation, for two
users with different channel qualities.



III. AN ENERGY CONSUMPTION PERSPECTIVE ON
CoODED COOPERATIVE SYSTEMS: CHOICE OF
PARTNERS AND ROUTES

In the development of the energy consumption model, we
focus on the quasi-static Rayleigh fading channel model.
We begin with the frame error probability expression for
cooperative systems given in Eq. 4. However, as the use
of bounds on the frame error probability leads to compu-
tationally intensive solutions, we consider the use of tight
bounds on the pairwise error probabilities with suitably de-
fined offset factors that relate the pairwise error probability
(PEP) to the frame error probability. This is similar to the
approach considered in [14]. We utilize the fact that for
carefully designed channel codes, i.e., codes that achieve
certain degree of diversity, the PEP and FER curves are
parallel for moderate to high signal-to—noise ratios. The
tight upper bound on the probability of confusing two code-
words ¢ with e for the cooperative block fading channel
is [16]

K
o &%
where d; is the Euclidean distance between the por-
tions of the two codewords residing in block 4 and ~;
is the average received SNR for block ¢, ¢ = 1,2, and
k=11, (1 - L) =2 for this two fading blocks case.

Utilizing the offsets Qs and @y, to relate the FER and
the PEP, the FER'’s for quasi-static non-cooperative chan-
nel and inter-user channel can be obtained as

PEP(c—¢) < (11)

PP < O 12
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P < d?;jn~ (13)

Similarly, for the block fading case, utilizing the offset fac-
tor fo, the FER can be expressed as
BF 3ng
PPt < .
= 242
1437172
Hence, from Eq. 4, it follows that the FER for a coded
cooperative system can be upper bounded as
gf + Qquin .
didiviye  di(df + d3)vinm
According to the link budget relationship [15], the trans-
mission power, P;, can be written as
_ yNoRyD*
k K, R.

where v is the required average received SNR for a given
FER requirement, Ry is the bit rate, R, is the coding rate,
D is the normalized transmission distance, « is the path
loss exponent which is determined by the environment, Ny
is the thermal noise power spectral density and K, is the
channel power gain. The thermal noise power spectral den-
sity can be written as [15], No = FkTp, where F' is the sys-
tem noise figure, k = 1.38 x 10723J/K is the Boltzmann’s
constant and Ty is the room temperature in kelvins. The
channel power gain is [15], K, = (c/4w f.)?, where c is the
speed of light and f. is the carrier frequency.

(14)

< (15)
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Hence, approximating the tight upper bound with an
equality, the energy consumption expression for coded co-
operative systems is E;*" = }%. Hence, in the case when
a = 2, we obtain

NODI\/3Q§f(d§ + d2)2D2 + QusQin(d? + d2)ds> D2,
Egoop — .

KgRC P;m)p(d% + d%)dldg

(17)
For non-cooperative quasi-static channel, the energy con-
sumption per bit is given by

Ero—coop _ NOD%QQS
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This energy-based approach is equivalent to the one
which uses the frame error probability as a metric. In other
words, the minimum energy route given a target frame er-
ror probability is the same as the lowest frame error prob-
ability route given the energy available at transmit side.
Rewriting Eq. 17 as

S

DNG [3Q3,(di + d3)° D3 + QF,dRd3 D3]
PEP[dy(d? + dyd3) K, R.]
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(19)
we observe that for a given target P;°°” value, we can cal-
culate and compare the different E,°°” values and choose
the candidate with the lowest E;°°” value to cooperate.
In fact, the difference in the obtained E;°’” values when
choosing different partners to cooperate lies in the follow-

ing portion of the expression in Eq. 19 and is given in terms
of Dy and D;,,

¢ =3Q5;(di +d3)* D} + Qg did; D, (20)
Hence, while Eq. 17 measures the transmission energy
consumption and provides insight into the energy and reli-
ability trade off, the partner choice and cooperative route
determination can be simplified by using Eq. 20 as a metric,
that is, choosing a partner that minimizes ¢, while ensuring
that the resulting E;°°? value is less than £, “°°?. We il-
lustrate these observations through numerical examples in
the next section.

A. Numerical Examples

We consider a wireless local area network operating in
an ad—hoc mode. The multi-hop route from the source to
the destination is already established. There are ten nodes
along this route. Each node is aware of the locations of
its neighboring nodes. The network is of low mobility and
the distances between the communicating nodes remain un-
changed on a time scale larger than the transmission time.
For simplicity, we focus on the rate 1/4 [5,7,5,7] convolu-
tional code and BPSK modulation. We assume the sys-
tem noise figure F' = 6 dB and the temperature T =~ 300
K. Hence, the noise spectral density Ny = 1.6 x 10~2°
W/Hz. For a 2.4 GHz operating frequency, the channel
power gain K, = (c¢/4nf.)? ~ 10~*. Without loss of gen-
erality, let us consider the first hop along the route. The



energies for all five possible cooperating pairs are calcu-
lated according to Eq. 20. We choose a partner among all
candidates that minimizes E,°””. Among the five pairs,
cooperating with the node that has the distance param-
eters {D1, D2, Dy }={2.3254,1.9721,1.7768} will consume
the least amount of energy. Thus, this relay is chosen as a
partner to cooperate. Following this procedure, we obtain
a list of partners for the nine hops along the route. The
results of partner choice are shown in Fig. 5.

Fig. 5. Cooperative routing with optimum choice of partners.

Finally, in Fig. 6, we present the average energy savings
per hop, that coded cooperation provides with respect to
the non-cooperative coded multihop transmission in slow
Rayleigh fading channels. As expected the savings are more
pronounced for lower values of the target frame error rate
(FER), which is a suitable scenario for data communica-
tions.
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Fig. 6.

Average energy savings per hop.

IV. CONCLUSIONS

We considered the applicability of cooperative in-
formation transmission to wireless local area networks
(WLAN’s). We provided an analysis and design of cooper-
ative codes in the context of OFDM systems and demon-
strated their viability for WLAN’s utilizing Orthogonal
Frequency Division Multiplexing. We then considered the
information transfer through wireless local area networks
from an energy consumption perspective. We obtained
simple rules for choosing partners among the neighboring

nodes in the network and utilized them to develop min-
imum energy cooperative routing algorithms. We illus-
trated significant energy savings for slow Rayleigh fading
channels.
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