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ABSTRACT: In this work, a novel efficiency measure is adopted for amplify-and-forward (AF) an relay network
which is the received SNR per unit power. This efficiency measure is called as the power-normalized SNR (PN-SNR).
We determine the PN-SNR maximization problems and investigate the network performance for several relay network
scenarios with both SISO (Single Input Single Output) configuration and MIMO (Multiple Input Multiple Output)
configuration. Initially, for single-relay networks with SISO configuration the PN-SNR for a given transmitter power is
found using an optimal relay power control scheme that maximizes a PN-SNR. Then, for multi-relay networks for
SISO configuration with a sum relay power constraint, we show that the PN-SNR optimization problem has a unique
maximum, and thus using a gradient-ascent algorithm the globally optimal solution can be found. Then, for multi-relay
networks for SISO configuration with an individual power constraint on each relay, we obtain a globally optimal
solution for which an algorithm is proposed and also for a suboptimal solution we propose a low complexity algorithm.
Finally, for single relay networks the comparisons of SISO and MIMO configurations is done and showed that for same
transmitted power, PN-SNR is maximized and outage probability is minimized for MIMO configuration.
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I. INTRODUCTION

Popular efficiency measures include spectral efficiency (or capacity if the bandwidth is fixed) and energy efficiency.
There has been a significant volume of literature addressing these two efficiency measures for various network
configurations. Spectral efficiency is defined as the achievable transmission bit-rate and its maximization guarantees
the highest amount of information flow for a fixed transmit power. But it does not consider how efficient the power is
used in achieving the maximum. Energy efficiency is defined as the number of transmitted bits per unit energy or
power. It is thus a natural efficiency measure. However for most communication systems, energy efficiency is
maximized when the transmit power approaches 0, i.e., when the system works in the low SNR regime. To see this, we
consider the simple point-to-point single-antenna system with transmit power P, unit-variance noise, and channel gain A.
The energy efficiency of the system is given as [log(1 + AP)]/P, which takes its maximum A when P — 0. Hence, an
energy efficiency- optimal scheme will trap the system in the low SNR regime, where the communication bit-rate and
reliability can be low. In this work, the aforementioned limitations of spectral efficiency and energy efficiency
measures has inspired us to study new efficiency metric, namely SNR-per-unit-power or power normalized SNR (PN-
SNR), to design network beam forming algorithms and to evaluate the network efficiency. For a singleuser network,
the PN-SNR is defined as
N 2 SNR/Piprgree--... (1)

where SNR is the end-to-end received SNR and Ptotal is the total power consumed in the network. The parameter 1
represents the achievable received SNR per unit transmit power. If the received noise has a unit variance, Py,sq; Can
also be seen as the transmit SNR. In this sense, n represents the received SNR the system provides per unit transmit
SNR.
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Il. RELATED WORK

A general distributed network with one transmitter, one receiver and R relays, as depicted in Fig. 1 is considered. Each
relay has only one single antenna which can be used for both transmission and reception. We denote the channel from
the transmitter to the i — threlay as f; and the channel from the i — threlay to the receiver as g;. The assumption is
that there is no direct link between the transmitter and the receiver and that f; and g; are i.i.d. complex Gaussian with
zeromean and unit-variance, so the channel magnitudes follow Rayleigh distribution. All channels are assumed to be
flat-fading channels. It is assumed that each relay knows its own channels, i.e., the i — th relay knows f; and g;, and
the receiver knows all channels. The required channel state information at the receiver can be obtained via channel
estimation. The i — th relay can obtain f; by training and g; by feedback.
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Fig 1: Multi-relay network.

Letf =2 [fi.fo.. . fr]Tandg = [g1.9,...grl", Which are the transmitter-relay and relay-receiver channel vectors.
We define the effective end-to-end channel vector between the transmitter and the receiver ash £ f o g. We herein
consider a two-hop amplify-and-forward (AF) relaying protocol with relay beamforming, where the relays adjust the
amplitudes and the phases of their received signals before forwarding them. During the first hop, the transmitter
sends VP,s, where the information symbol s is randomly selected from the codebook S. We assume that s in the
codebook are normalized as E{|s|?} = 1. Thus, the average power used at the transmitter is P, for each transmission.
The signals received at the relays can be represented as

where x is the R x 1 complex vector of the signals received by the relays and z is the R < 1 complex vector of the

relay noises. We assume that all noises are i.i.d. complex Gaussian random variables with zero-mean and unit-variance.

In the second hop, the ith relay multiplies its received signal by a complex weight w; to adjust the phase and

magnitude of the signal, and transmits the adjusted signal. All relays share the same channel and are assumed to be

perfectly synchronized. The R x 1 complex vector t of the transmitted signals of all relays can then be expressed as
t=wox.......... ?3)

where w £ [w; w, ... wi]7 is referred to as the beamforming vector. Denote the ith entry of t as t;. The power
consumed on the ith relay, denoted as P;, can be calculated, using (3), as

P = E{lt2} = @+ PIFPIw? ... @)

The signal received at the receiver, denoted as y, can be written as

y=PwThs +w'(goz)+n
where the noise n at the receiver is assumed to be independent of z,, ..., zz and is Gaussian distributed with zero mean
and unit variance. With straightforward calculation, the end-to-end received SNR can be expressed as

SNR — Pow'n)” . (5)

- 1+|lw og||2m

Recall that the power consumed by the ith relay is given as in (4). The total transmit power consumed on all relays is
thus X8, (1 + Pol£iI2)w,]? = By|lw o al|” where
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o T I A
a = P, filZ P, fr

The total transmit power consumed in the whole network is thus Pr = P, + Py|lw o a||2. According to our definition in
(1), the PN-SNR of the relay network is

o SNR _ Po(wTh)”

= pr (1+||w og||2)(Po+P0||w 0 a||2)

Denote the amplitude and the phase of w; as a; and 6;, respectively, i.e., w; = a;€/%. Let 2 [a; -+ az]” and § 2

[6, -+ 6;]" . Note that both |lw o gl|* and |lw o al|* are independent of the phase vector 6. Thus, the denominator
of n given in (6) is independent of 6. It is obvious that the numerator is maximized when 6; = —zh; for any given a,
where h; = f;g; is the ith entry of h. With the optimal phase adjustment at the relays, the end-to-end received SNR in
(5) reduces to
SNR = _Poa"0)” 7
oo
and the PN-SNR in (6) reduces to
_ (aTb)°

n= (1+)lwo all*)(1+]la o al|*)
where b 2 [|figs| -~ Ifrgrllandd 2 [lgl.- -+ |grll
In this work, P, is assumed to be fixed. Our design problem is to find the relay power control vector o such that the PN-
SNR in (8) is maximized. It is conceivable that if we allow the transmitter power to be adaptive as well and consider
the optimization of not only the relay power but also the transmitter power under a fixed total P, , a higher PN-SNR
may be obtained. However, this formulation implies that the transmitter and relays can freely share power, which may
not be practical for many distributed relay networks. Also, it causes extra computation or hardware burden on the
transmitter in optimizing and adjusting the power. In this work, it is assumed that the transmitter has its own power
source and fixed transmission power, while the relays can adjust their powers in cooperation for the highest efficiency.

I1l. EXPERIMENTAL RESULTS

A. Single-Relay Networks with SISO configuration For SISO Configuration:

We simulate the average PN-SNR, end-to-end received SNR, and outage probability with threshold yth = 0dB for the
proposed PN-SNR-maximizing scheme (denoted as “Proposed”), the SNR-maximizing scheme (denoted as “SNR-
max’”) and the fixed relay power scheme (denoted as “Fixed power”).

Fig. 2. Average PN-SNR versus PO for a single-relay network.
Fig. 2 shows the average PN-SNR versus PO for the three schemes. We can see that in the proposed PN-SNR

maximizing scheme, the PN-SNR increases as PR,lim increases. In the fixed relay power scheme, the PN-SNR
decreases as PR,lim increases. Among the three schemes, our proposed scheme always achieves the highest PN-SNR.
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Fig. 3. Average received SNR versus PO for a single-relay network.

Fig. 3 shows the average end-to-end received SNR versus PO for the three schemes. Our proposed scheme has
comparable performance in average SNR with the fixed relay power scheme but it is inferior to the SNR-maximizing
scheme.

Fig. 4. Average Throughput versus PO for a single-relay network.

Fig. 4 shows the average Throughput versus PO for the three schemes. We can see that in the proposed PN-SNR
maximizing scheme, the throughput increases as PR,lim increases. In the fixed relay power scheme, the throughput
decreases as PR,lim increases. Among the three schemes, our proposed scheme always achieves the highest throughput.
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Fig. 5. Energy efficiency versus PO for a single-relay network.

In Fig. 5, we evaluate the energy efficiency in bits per Joule of the three schemes. We observe that our proposed design
achieves the best energy efficiency. However, the energy efficiency for all three schemes is low and is decreasing as PO
increases. Thus, as we have explained, to achieve high energy efficiency, the system needs to function in the low SNR
regime, where the network SNR and throughput are low. This actually motivates our use of PN-SNR as efficiency
measure.

B. Multi Relay Networks with a Sum Relay Power Constraint For SISO Configuration:

In this subsection, we present simulation results for multi relay networks with a sum relay power constraint. We
simulate the average PN-SNR and the outage probability with thresholdyth = 0 dB for the proposed PN-SNR
maximizing scheme, the SNR-maximizing scheme, and the fixed relay power scheme. We simulate a two-relay
network with the sum power constraints PR,lim = 2P0 and PR,lim = 4PO0.
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Fig. 6. Average PN-SNR versus the number of relays for multirelay networks with sum power constraint

Fig. 6 shows the average PN-SNR versus number of relays for the two schemes. In the proposed PN-SNR-maximizing
scheme, the average PN-SNR increases linearly with the number of the relays. In the SNR maximizing scheme,
however, the average PN-SNR increases with a significantly smaller rate and saturates as the number of the relays
increases.
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Fig .7. Average SNR versus PO for muti relay networks with sum power constraint

Fig. 7 shows the average end-to-end received SNR versus PO for the three schemes. Our proposed scheme has
comparable performance in average SNR with the fixed relay power scheme but it is inferior to the SNR-maximizing
scheme
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Fig .8. Average PN-SNR versus PO for muti relay networks with sum power constraint

Fig. 8 shows the average PN-SNR versus PO for the three schemes. In the PN-SNR-maximizing scheme, the average
PN-SNR slightly increases as PR,lim changes from 2P0 to 4P0. In the fixed relay power scheme, the average PN-SNR
slightly decreases as PR,lim increases. In the SNR-maximizing scheme, the average PN-SNR sharply decreases as
PR,lim increases. Among the three schemes, the proposed scheme always achieves the highest PN-SNR.
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Fig .9. Throughput versus PO for muti relay networks with sum power constraint
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Fig. 9 shows the average Throughput versus PO for the three schemes. In the PN-SNR-maximizing scheme, the average
PN-SNR slightly increases as PR,lim changes from 2P0 to 4P0. In the fixed relay power scheme, the average PN-SNR
slightly decreases as PR,lim increases. In the SNR-maximizing scheme, the average PN-SNR sharply decreases as
PR,lim increases. Among the three schemes, the proposed scheme always achieves the highest PN-SNR.
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Fig .10. Outage probability versus PO for multi relay networks with sum power constraint

Fig. 10 shows the outage probability versus PO for the three schemes. Note that for all three schemes, the outage
probabilities decreases as PR,lim grows from 2P0 to 4P0.

C. Multi Relay Networks with Separate Relay Power Constraint For SISO Configuration :

In this subsection, we investigate the performance of multirelay networks with separate power constraints on the relays.
We simulate the average PN-SNR and outage probability with threshold yth = 0 dB for the PN-SNR-maximizing
scheme (denoted as “Proposed”) and compare them with the SNR-maximizing scheme (denoted as “SNR-max”).
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Fig.11. Average PN-SNR versus PO for multi relay networks with separate relay power constraint

Fig. 11 shows the average PN-SNR versus PO for the three schemes in a two-relay network. First we can see that the
PN-SNR of the suboptimal solution is almost the same as the optimal solution. Also, the proposed PN-SNR-
maximizing scheme outperforms the other two schemes in terms of the PNSNR. When PO = 30 dBW, we can read from
the plot that our proposed scheme is superior by 20.4% and 40% compared with the other two schemes.
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Fig. 12. Outage probability versus PO for multi relay networks with separate relay power constraint

Fig. 12 shows the outage probability versus PO for the three schemes. We can see that the proposed scheme is worse in
outage probability than the SNR-maximizing scheme.
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D. Comparision of SISO and MIMO configurations for Single Relay Networks:
We simulate the average PN-SNR, average SNR, average energy efficiency and outage probability for the proposed

PN-SNR-maximizing scheme for SISO and MIMO configurations.
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Fig.13. Average PN-SNR versus PO for single relay network for SISO and MIMO configurations

Fig. 13 shows the average PN-SNR versus PO for the proposed scheme for both MIMO and SISO configurations. We
can see that in the MIMO configuration, the PN-SNR increases as PR,lim increases. In the SISO configuration, the PN-
SNR decreases as PR,lim increases. Our proposed scheme always achieves the highest PN-SNR for MIMO

configuration.
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Fig.14. Average SNR versus PO for single relay network for SISO and MIMO configurations

Fig. 14 shows the average end-to-end received SNR versus PO for the two configurations. The average SNR in MIMO
configuration is inferior to the SISO configuration.

Average Energy Efficiency versus PO for a single-relay network with St

0.14

Erey Efidercy
° °

0.04 e
2
10 25

20

y network for SISO and MIMO configurations

s
PO @BW)

Fig.15. Average energy efficiency versus PO for single rela

In Fig.15, we evaluate the energy efficiency in bits per Joule of the two configurations. We observe that MIMO
configuration achieves the best energy efficiency. Because at some Point SISO configuration will achieve highest
energy efficiency but as the transmit power increases, energy efficiency certainly decreases. But in MIMO

configuration the energy remains constant as the PO increases.

outag

QuagePotbiy
5 5

PO (@B}

Fig.16. Outage Probability versus PO for single relgy network for SISO and MIMO configurations
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Fig. 16 shows the outage probability versus PO for the two configurations. We can see that MIMO configuration is
worse in outage probability than the SISO configuration.

IV. CONCLUSION

we adopted a new metric, namely power normalized SNR (PN-SNR) to design efficient relay networks, and proposed
an optimal relay power control scheme which maximizes this metric. Performance of the proposed scheme is analyzed
and compared with existing schemes. Our studies showed that the proposed scheme achieves better PN-SNR while
having comparable or even better outage performance compared with the fixed relay power scheme. Compared with the
SNR-maximizing design, it has significantly higher PNSNR with moderate degradation in outage performance. The
work discovered the potential of the PN-SNR as an efficiency measure in relay network design.
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