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ABSTRACT

Traditional decode-and-forward cooperation systems consider
dedicated relays, while instead we consider wireless transceivers
that cooperatively relay signals in addition to primary communica-
tion missions. A system that transmits the additional signal using
a best-effort transmission policy within the original transmission en-
ergy constraint is considered. To maintain the original energy budget
we consider the feasibility of reallocating energy from pilot signals
toward the relaying service when channel conditions are stationary.
Under the best-effort delivery policy, the node is not obligated to
devote energy for relaying signals, nor does it provide a guarantee
of signal quality to retransmissions. Instead the relay sacrifices en-
ergy at its own discretion, prioritizing the primary communication
mission. Using the best-effort delivery policy, we derive an optimal
power allocation rule that maintains a fixed symbol error rate for the
relay’s primary transmission, and further demonstrate cooperative
communication gains using the proposed delivery method.

Index Terms— Cooperative systems, Radio repeaters, Commu-
nication channels, Communication system performance, MIMO sys-
tems

1. INTRODUCTION

Cooperative communication through the judicious use of relay nodes
has proven extremely advantageous in decreasing outage probabili-
ties when the channel between the source and destination is of poor
quality [1]. Traditional relay schemes typically consider only nodes
dedicated to users and nodes dedicated to relay services. However,
when a dedicated relay is not present, nodes with their own com-
munication mission must assist in relaying signals. We consider a
relaying system where nodes provide relay services in addition to
primary communications, that is, the relay service is provided on a
best-effort basis.

Under the proposed scheme, a node with its own communication
mission may also offer relay services while maintaining an energy
budget. The best-effort nature of this system implies that the relay
node is under no obligation to devote energy for relaying signals, nor
does it provide a guarantee of signal quality for the relayed signal.
A diagram depicting the best-effort relay system and the relation-
ship between the relay-user and primary-user channels is depicted in
Figure 1.

As a motivating example for adaptive best-effort relaying we
consider the scenario of stationary channel conditions, when less
energy is required for channel estimation purposes. The relay may
choose to devote more power toward relaying services and less
power toward channel estimation devices, according to the quality
of service (QoS) requirements of the primary-user. When channel
conditions require additional channel estimation energy, as is the
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case when the primary-channel is undergoing change, the relay may
choose to allocate additional power toward the pilot component of
the transmission for channel estimation purposes and less power
for relay transmissions. The proposed best-effort delivery method
introduces a unique power allocation problem, in which the relay
must select optimal power allocation between pilot and relay-user
signals, and in doing so provides one example of how transmission
energy may be scavenged to achieve cooperative diversity.

While many pilot-embedding techniques have been discussed,
we formulate our best-effort delivery channel using the pilot-
embedding framework proposed in [2], which generalizes how
pilot signals may be embedded into data signals using a Space Time
Code (STC) approach. With this embedding method, mutually or-
thogonal pilot and data signals are combined as a composite STC
block before transmission. The STC approach is used as a general
method for defining a sequence of symbols with periodically occur-
ring pilot signals comprising a single block code, and may describe
systems with one or more transmit antenna. The method easily
extends to broadband signals such as ODFM, through the Space
Time Frequency (STF) block code model [3]. Here, we investigate
best-effort cooperative relaying using generic pilot embedding when
the data-component of a data-bearing pilot block is reserved for
relay transmissions.

In this paper we derive optimal power allocation policies with
respect to the Symbol Error Rate (SER) of the primary-user, which
will be used as a measure of QoS for the primary signal.
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Fig. 1. System diagram of a best-effort relay system

This paper is orginized as follows: Section 2 generalizes data-
bearing pilot frameworks and briefly introduces previous power-
allocation work with relay channels. In section 3 the best-effort
relay problem is discussed, and optimal power allocation with re-
spect to the primary-user is derived. In section 4 we conclude with
brief observations of the proposed best-effort relaying system.
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2. SYSTEM MODEL AND PROBLEM FORMULATION

We briefly describe the channel model used in our best-effort de-
livery scheme. Consider the communication system with L; > 1
transmit antenna(s) and L, > 1 receive antenna(s), with a Space
Time (ST) block transmitted at index ¢ described by matrix U(t) of
size Ly x M. The ST block U(t) is transmitted across all L, trans-
mit antennas in M time slots. The received block Y () expressed in
matrix form is:

Y(¢t) = H(¢t)U(t) + N(t) (1)

with the channel coefficient matrix H(¢) of size L, x L describing
the channel conditions experienced by the block at time ¢. The chan-
nel noise N(¢) is modeled as complex white Gaussian noise with
zero mean and variance (02/2)I(t)(LerLTM). We assume the el-
ements of H(¢) to be independent Rayleigh fading and quasi-static,
where H(¢) remains constant over each symbol block. The channel
estimation problem is to estimate H(¢) and recover the original ST
block U(t), where the channel estimate is computed from the pilot /
training signals embedded in the original transmission.

Using the pilot-embedding framework presented in [2], a com-
posite transmission is composed of a data-bearing pilot partition and
an ordinary ST coded signal partition. We assume the density of the
pilot signals and bandwith resoruces for each partition to be constant.
Thus, the bandwidth resources allocated for primary-user and relay
transmissions are also constant. The data matrix Z(t) € CX*** is
constructed as

Z(t) = D(t)A )

with ST code data-bearer matrix D(¢) € C*t*" and data-projection
matrix A € RY*M_ Here, N is the number of time slots reserved
for data transmission, while time slots M — N, N < M are re-
served for the embedded pilot signals. The ST matrix is assumed to
follow the constraint E[|[H(#)||]> = L, or constant energy under
the Frobenius norm. The augmented ST symbol to be transmitted
becomes

Ut)=Z(t)+P=D(t)A+P 3)

where P € R¥t*M is the pilot matrix. The salient point of the data-
bearing framework is that pilot-embedding schemes may be gener-
alized through the superposition of the data-bearing structure D(¢)A
and the pilot matrix P(t). The data-projection and pilot matrix sat-
isfy the following properties

APT = 0eRN*H )
PAT = 0eRMN 5)
AAT = pBre RN (6)
PPT = aleRN*I %)

where (3 is a real-valued power of the data signal, and « is a real-
valued power of the pilot portion of the signal. The o term will
become an important parameter, as it represents the fraction of di-
vertable power that is retained for pilot signals. The properties (4)
through (7) of the data-projection matrix A and P essentially allow
A to project the data component D(t) onto the orthogonal subspace
of the pilot matrix P, allowing for signal demodulation by means of
a Maximum Liklihood (ML) receiver. Under the assumption that the
pilot structures of (4) through (7) operate under a power constraint,

B=F -« (®

with P, being the original normalized block transmission power of
the node. According to (8) the power allocated to the composite
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signal consisting of the pilot plus relay-user data signal is equal to the
power of the original node transmission. The signal at the receiver
becomes

Z(t) =D(t)(D(t)A + P) + N(t) 9)

Three basic structures are discussed in [2] for the design of A and
P, including the Time-Multiplexed (TM) structure which generalizes
the previous PSAM pilot embedding techniques. The PEP according
to Chernoft’s upper bound with respect to independent Rayleigh dis-
tributed channel and the PEP expression when channel information
is known by the receiver are presented in [4].

In Decode-and-Forward (DF) relaying, a relay first receives and
then decodes the signal from the source node before retransmitting
the signal to the destination. We compare the optimal allocations
obtained for best-effort relay delivery presented to the optimal allo-
cations obtained for fixed DF relaying using dedicated relays, pre-
sented in [5]. We formulate the power optimization problem as find-
ing the minimum pilot power factor o that maintains a minimum
level of QoS with respect to the primary user, denoted G, accord-
ing to some QoS rule g(a, ), that is

ming(a,n) > Gp, 0<a,n<1 (10)

where 7 is the primary-user’s channel estimate confidence factor, to
be defined in the next section.

3. ANALYSIS OF BEST-EFFORT DELIVERY

In this section we derive the pairwise error probability, and optimal
power allocations for the best-effort relay channel. We assume that
the number of timeslots M in the ST transmission U(¢) remains con-
stant, and the number of timeslots used for data transmission NV also
remains constant. Using this criteria the number of timeslots avail-
able for best-effort transmissions also remains constant.

Let us consider the case where channel between the relay and
the primary-user, depicted as the solid line in Figure 1, is stationary
over at least two consecutive blocks and the primary-user is able
to detect this event. Such conditions may occur between fixed or
immutable nodes, and in this motivating example we assume that
transmission of additional pilot signal energy will not dramatically
alter or improve the receiver’s channel estimate. We assume that
the primary-user channel estimate fIP (t) has perfectly estimated the
channel H,,(t), that is

H,(t) = Hy(t) (11)

Under (11), the PEP for the primary-user becomes

La, Ly

P —LayLr,
P(d — e)Hp(t) S H Aip (Zk:;) (12)
i=1 P

where La,, is the rank of the primary-user’s channel Hy, (t), A, are
the eigenvalues of the primary-channel, L., are the number of re-
ceive antennas used at the primary-user’s destination, and P, is the
normalized power used by the primary-user for transmission. The
PEP for the relay-user may be expressed as

P(d —e)g ) <
7LAS Ly,

LA s 2
: 14z (13)
(H AZ) 402 ( N L)

N

+

Pp—« @
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where La  is the rank of the the channel H (¢) between the the relay
and the relay-user, \;, are the eigenvalues of the relay-channel, L.,
are the number of receive antennas used at the relay-user’s destina-
tion, and P, is the normalized power used by the primary-user for
transmission. We note that in this situation, the node is preforming
primary mission transmissions while concurrently acting as a relay
for the relay-user.

Under the proposed best-effort delivery policy, power for chan-
nel estimation purposes is diverted by the primary-user toward relay-
user transmissions. It should be noted that the relay-user also re-
quires energy for proper channel estimation, thus there exists a per-
formance tradeoff for the relay-user as power to the pilot signals is
decreased. To understand the behavior of the power allocation term
« in terms of relay-user performance, we first note that the normal-
ized block power may be expressed as (14) [2].

_E [\|U(t)|\2] _E [\|D(t)A||2] E [HP\|2]
S PR . L (14)
=f+a=1

We now look at the optimal power allocation for the pilot-part
and data-part of the proposed scheme, and how this criteria may
change with respect to the needs of the primary-user. Since the
primary-user may use its prior channel estimate when current chan-
nel conditions do not warrant re-estimation of the channel, the PEP
for the primary-user does not depend directly on « because pilot
signals are ignored in this case. However, for each block transmis-
sion there is a chance that channel conditions may change requiring
the primary-user to update its channel estimate using the pilot sig-
nal embedded in the transmission. We model this scenario in simple
probabilistic terms as a two-state model given as

_ 0, ﬂp(tfl):ﬂp(t):HP(t)
‘{1, 1, (6 — 1) # Hy (1) ()

In state v = 0, the primary channel is modeled as stationary. Thus
the channel estimate for the current code remains unchanged from
the prior code estimate, which has perfectly estimated the channel.
The PEP for the primary-user may be expressed as

La, —Lry

P(d%e‘V:O)Hp(t) S H )‘ip

—La L.
Z) P p

( ;

403

i=1 P

(16)
We define a new model parameter n
n=Pv=0)=1-Pr=1) (17

The parameter 7 is the probability that the receiver’s channel esti-
mate will not require updating from the previous estimate, and will
be described as the primary-user’s channel estimate confidence. We
assume 7 to be estimated by the primary-user and available to the
relay via a control channel.

When the channel state is ¥ = 1, channel conditions for the
primary-user have changed substantially, requiring the receiver to
update its channel estimate I:Ip (t). In this state the receiver will
experience a PEP from (13) expressed as

P(d—ely=1)4 ) <
L — L, —La,Lr,
o ’ 14 % )
[T P Y
- 29p (ﬂ + L)
1=1 N P,
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ips LTp, and af, for the primary-user in
state v = 1 are defined similarly to those of the relay-user in (13)
and are independent from those of the secondary user except for the
common factors L¢,, o, and P,. We notice that while energy al-
located to the data part of primary signal remains constant in the
best-effort scheme, the PEP expression for a primary-user using pi-
lot signals to reestimate channel conditions is dependent on «, since
both the primary and relay users must use the energy in these signals
for channel estimation when v = 1.

We now consider the power allocation problem for relays that
instead optimize with respect to a rule limiting the SER experienced
by the primary-user. From (16) and (18) the PEP expression under
the two state model may be expressed as

where parameters LAp’ i

P(d — e)Hp(t) S
P(d — e|1/ = O)Hp(t)P(I/ = 0)+

P(d—elv=1)y ) Pv=1) 19

=1Qp [Rp — (1 =1/n) Sp(a)], 0<a<1

where
1\ FarEr La, “hrp
Qp = (402> ]j[1 i, 0)
R, =P, 2" @
i —LapLry

Sp(a) = s (22)

1 (N L,

~ (pi, + T)
We evaluate this system under the constraint that the relay node

must operate in a manor that maintains a minimum QoS with re-

spect to the SER of its primary transmissions. The constraint for the
primary user operating at a maximum allowable PEP is simply

Ry —(1—1/n)

Similarly, the constraint for the relay-user from (13) has a QoS
threshold determined by maximum allowable PEP. This constraint
is a function of the relay’s choice of «, or exactly

gp(a,n) =nQp | Sp(a)], 0<a<1 (23)

gs(a) =

—Ly —LagLrg

Lag s
: 1+
<H Ais) 402 N Ly
i=1 Tl lrat=

The optimal power allocation for the best-effort relay with respect to
a maximum allowable SER for the primary-user is found by solving
(23) for apg, , under the constraint g, (c, ) > Gp

CIRN

(24)

a o —Ppy (Ltp B \P(GP,U)O'Z) (25)
PSER N = Py (Gp,n)
where
1
_L. Ly, La Tr LAl
an LprAp —Gp (%) P P p P Ap
U(Gyp,n) =

n—1

(26)
Power allocation using the SER-based allocation rule (25) with re-
spect to 7 is shown in Figure 2 for the threshold value G, = 1.4e°.
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The terms ap1 and ap2 represent power allocations for the source
and relay transmissions using a dedicated DF relay [1], and are pro-
vided for comparison. If power allocation P> of the relay transmis-
sion in the dedicated relay case is compared to the power allocated
by a node that provides both primary transmission and relay services,
these power allocations are sub-optimal under the best-effort deliv-
ery policy. We see that when channel conditions are stationary, i.e.
n — 1, the relay signal power «, is equal to the dedicated-relay
power P> when n = .76 for these parameters.

% SER
09r -— =% q
—x— %2
0.8 i
0.7+ -
0.6 1
3 0.5 n
04F = T TITTNLT T ST TS TN T LT T TS T T T N T T T 4
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0 L L L L L L L L L

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 2. a vs. n - SER rule, for G, = 1.4e — 5

To observe the behavior of a relay node operating under the
power constraint (25), Figure 3 demonstrates SER results of (23)
and (24) with respect to the channel estimate confidence parameter
7, for various values of G,. We observe that cooperative diversity
gains are obtainable for the relay-user under the SER rule as the relay
diverts energy to relay-user transmissions. If too much energy is di-
verted from pilot signals, the SER for the relay-user suffers since its
channel estimation performance is dependent on sufficient pilot en-
ergy, even though the signal strength of relayed signal has actually
increased.

We expect that a power allocation rule optimizing with respect
to a specific maximum primary-user SER threshold will exhibit a
constant SER response over all channel stationary states when oper-
ating near optimum. This behavior is clearly discernible from Figure
3, as SER for the primary-user is constant-valued for the entire range
0 < n < 1. For comparison, the SER experienced by the primary
and relay-users for a fixed power allocation policy of o = .5 is pre-
sented in Figure 3.

The best-effort behavior of the system under this rule is appar-
ent, as the primary-user consistently enjoys a general SER advantage
over the relay-user. The effect of the SER threshold G, is shown in
Figure 3. As G, increases, the relay will too readily divert energy
from pilot signals and the SER of the primary and secondary users
suffer accordingly. In general, decreasing G}, has the effect of im-
proving SER for both the primary and secondary users, at the cost
of decreasing useful capacity for lower values of channel confidence
(i.e. the SER curve for the relay-user is shifted to the right).

We conclude that the value for G, must also be carefully cho-
sen with respect to the SNR experienced by both users under the
SER-based QoS rule (25). In this example identical channel SNRs
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__Relay-usera = o G,=1.0e-5

4 Primary-user o= o G =1.00-5|
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Primary-user a = a G =20e-5

Relay-user o = 5
— — — Primary-user o.= 5

Fig. 3. SER vs. 7 - SER rule, for values of G,

were used for the primary and secondary users and a diversity gain is
demonstrated for the relay-user when the relay employs cooperative
relaying.

4. CONCLUSION

We have demonstrated that cooperative diversity may be achieved
through a best-effort transmission policy. Using this method of de-
livery, energy may be re-purposed for relay transmissions at the dis-
cretion of the relay, while maintaining a minimum level of QoS for
the node’s primary mission. In on embodiment of best-effort deliv-
ery, it has been demonstrated that under stable channel conditions a
node may re-distribute energy for relay services without significantly
hindering primary-user transmissions, and while operating within its
original transmission energy constraint.
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