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Abstract—In this paper, we propose a distributed power
control scheme which can take into account the end-
to-end performance of users in a multihop cellular net-
work. Bottleneck links in a multihop wireless network
limit the maximum rate achieved by users along their
routes. Under the proposed scheme a link dynamically
switches between different power adaptation algorithms
based on whether it is a bottleneck or a non-bottleneck link.
Specifically, non-bottleneck links iteratively reduce their
transmit powers whereas the bottleneck links use power
control to exploit the corresponding interference reduction
and further increase their signal-to-noise-and-interference
ratios (SINRs). We show substantial system throughput
performance gain under our scheme and for which, under
certain scenarios, we derive a closed-form expression of the
converged transmit power levels regardless of their initial
values.

I. INTRODUCTION

Emerging 4G standards promise to provide substan-

tial increase in throughput and coverage, partially by

supporting multi-hop communications through the use

of relays [1]. Several distributed power control schemes

have been devised that can improve the system through-

put performance of such networks [2][3][4]. In such

schemes, a transmitter relies on locally available channel

state information (CSI), adapting its transmit power to

improve the data rate supported over the link.

However, in multihop networks, the performance of a

flow is limited by the link with the lowest rate on its route

to the destination [5], which we call the bottleneck link.

A multihop cellular network can be viewed as having

two kinds of links: bottleneck and non-bottleneck. For

instance, when a large number of nodes are forwarding

their data via a relay, the relay-to-base station link can

become a bottleneck and is thus more critical to the

flows’ end-to-end performance.

In this paper, we devise a link adaptation scheme

where links adapt using either the Foschini-Miljanic

(FM) power control [6] or the Marginal Power

Efficiency-based Adaptation (MPEA) [4], depending on

whether they are a bottleneck link or not. The FM al-

gorithm is appropriate for maintaining a constant SINR,

while the MPEA algorithm is a waterfilling-like power

control mechanism which can significantly increase a

link’s SINR [4]. Under our proposed scheme, non-

bottleneck links use a variant of the FM algorithm

to maintain some minimum SINR, while bottleneck

links can use the MPEA to enable better end-to-end

performance in a multihop cell network. This is unlike

the current power control mechanism for LTE-Advanced

networks, where transmit power is updated based only

on information local to each link [7].

The simulation results show a substantial gain in

throughput performance for our scheme over certain

benchmark power control schemes which do not con-

sider network-wide conditions. We also derive a closed-

form expression for the converged transmit power vector

resulting from our scheme under certain cases. We illus-

trate that the improvement it confers to system through-

put increases: (1) with the number of users and (2) when

network topology is such that users are clustered closer

to their respective receiver (relay or base) stations (i.e.

an interference-limited regime).

The paper is organized as follows. In Section II, we

present the system model, which is followed by the

problem formulation in Section III. Section IV presents

the power control schemes. In Section V the convergence

of the schemes is discussed. In Section VI we present

simulation results for a multihop cellular network, while

Section VII summarizes the contributions of the paper.

II. SYSTEM MODEL

We consider a single-cell network with n user equip-

ment (UEs) that want to send their data to a base station

(BS) on the uplink. Located towards the edges of the cell

are Nr fixed relays that provide coverage for UEs further

away from the base station (see Fig. 1 with Nr = 1). UEs

can establish an uplink with either the relay stations (RS)

or the base station (BS), both of which transmit pilot

signals on a downlink control channel. Each UE selects

the point of access (RS or BS) from which it receives

with the highest signal strength. The relays receive data

from those UEs which fall in their coverage region and

decode-and-forward it to the base station. All links (i.e.,



UE-to-RS, RS-to-BS, UE-to-BS) can adapt their transmit

power and, consequently, their data rate. They can be

represented by a set L = {1, 2, · · · , L} of L links. The

maximum transmit power of an RS-to-BS link is much

higher than that of a UE.

Each link is assigned a single communication channel

of bandwidth W Hz. Channel assignments of the links

in L are constrained such that all links to and from

a given transceiver node operate on different channels.

For instance, in Fig. 1, all the links of the relay operate

on orthogonal channels. The same constraint applies to

any other receiver station. However, the same channels

can be reused by links that connect to different receiver

stations (RS or BS) (see Fig. 1). This channel assignment

can be represented as a set S(f) ⊆ L for each of the

f ∈ {1, 2, · · · , S} channels. While links adapt their

transmit powers and data rates, the channel assignment

is kept constant.

The channel gain between the transmitter of link j∈ L
and the receiver of link i∈ L is represented by gj,i which

depends on several factors such as shadowing, path loss

and fading. A cross-link gain matrix F of dimension

L× L is defined as

F(i, j) =

{

0 if i = j or i,j orthogonal
gj,i
gi,i

otherwise,
(1)

where links i and j are orthogonal if they are assigned

different channels. Moreover, the transmit powers of

the links in L are represented by the vector P =
[P1, P2, · · · , PL]. Likewise, Pmax and D are L × 1
vectors, where the first vector represents the links’ max-

imum transmit power, and the second vector is such that

the ith element equals D(i) = no/gi,i. The effective

interference Ei for link i that operates on channel f is

defined as [3]

Ei =
no +

∑

j 6=i,j∈S(f) gj,iPj

gi,i
, (2)

where no is the total thermal noise power per channel.

The achieved SINR of link i is

γi =
Pi

Ei

=
Pi

no+
∑

j 6=i,j∈S(f) gj,iPj

gi,i

. (3)

Using capacity-achieving codewords, the data rate of the

link can be arbitrarily close to the capacity

ηi = W. log2(1 + γi) bits/s. (4)

III. PROBLEM FORMULATION

The bottleneck link determines the maximum data

rate of a UE [5]. We associate to each link i ∈ L an

indicator function wi such that wi = 1 when the link

is a bottleneck link and wi = 0 otherwise. Consider
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Fig. 1. A depiction of a multihop cellular network: The UE-to-RS
links are non-bottleneck links since their aggregate data rate (7 Mpbs)
is more than that of the RS-to-BS link (5 Mbps).

an RS-to-BS link r with a rate of ηr that receives data

from a set Lr ⊆ L of UE-to-RS links lying in the relay’s

coverage region. The sum rate of all UE-to-RS links is
∑

j∈Lr
ηj . Let us define a rate differential Vr between

the data rates of all incoming links and the outgoing link

for the relay as

Vr = ηr −
∑

j∈Lr

ηj . (5)

Clearly, if Vr < 0, then the RS-to-BS link limits the total

end-to-end data rates of UEs connected through links in

Lr. The indicator function for an RS-to-BS link r is

defined as

wr =

{

1 , if Vr < 0,

0, otherwise.
(6)

Conversely, the indicator function for a UE-to-RS link

i uplinking to RS r is always wi = 1 − wr , i ∈ Lr.

Note that if the RS-to-BS link r is a bottleneck, then

all UE-to-RS links in Lr must correspondingly be non-

bottleneck, and vice versa. As links use power control

the rate differential at a relay will change. Consequently,

its associated links may switch from bottleneck to non-

bottleneck (or vice versa), which will be reflected in

their respective indicator values. As for a UE-to-BS link

q ∈ LBS (the set of all UE-to-BS links), it is always a

bottleneck (wq = 1, ∀q ∈ LBS) as it directly links to the

BS.

The network-wide goal is stated as an optimization

problem

max
︸︷︷︸

P

∑

∀i

wiηi

s.t. γi ≥ β, ∀i

Pi ≤ Pmax,i, ∀i.

(7)

2



where
∑

∀iwiηi represents the aggregate data rate of

all UEs. The constraints reflect a need to meet some

minimal SINR threshold β (i.e. feasibility constraint)

given a limit on the maximum transmit power of each

link.

IV. NETWORK STATE-BASED LINK ADAPTATION

SCHEME

In Network State-based Link Adaptations (NSLA),

distributed power control is performed to heuristically

solve the optimization problem in (7). The determina-

tion of bottleneck and non-bottleneck links is made by

tracking rate differentials at the relays and disseminating

this information to the UEs. Under our scheme, link

i chooses between different power control algorithms

depending on whether it is a bottleneck (wi = 1)

or not (wi = 0). As the network adapts, this weight

can dynamically change and thus link i would also

correspondingly update its adaptation algorithm.

A. Bottleneck Links

If link i is a bottleneck in iteration k (i.e. wi(k) = 1)

then its transmit power is updated according to:

Pi(k+1) =

{
Pmax,i − Ei(k), if Ei(k) ≤

Pmax,i

β+1 (a)

min
(

Pmax,i,
β

γi(k)
Pi(k)

)

,otherwise (b).

(8)

As reflected in (8a) the power control for a bottleneck

link is a waterfilling-like power allocation. In [4] it is

shown that this power control (called Marginal Power

Efficiency-based Adaptation (MPEA) therein) allows

significant increase in the network’s raw data rate as

compared to when links simply try to maintain a constant

SINR. However, under unfavorable channel conditions,

(8a) will be unable to realize the minimum SINR β (i.e if

the effective interference becomes larger than
Pmax,i

β+1 [4]).

To compensate for this, the transmitter can switch to the

Foschini-Miljanic (FM) algorithm (8b), which is a power

control algorithm for maintaining a fixed target SINR [6].

Thus, the two-mode power control for bottleneck links

in (8) above combines the advantageous features of both

algorithms.

B. Non-bottleneck Links

Under the NSLA scheme a non-bottleneck link j
(wj(k) = 0) adapts using a variant of the FM algorithm.

Given that the SINR of non-bottleneck link j is γj(k)
and the rate differential of its RS r is Vr(k), the link’s

target SINR γ̄j(k + 1) is dynamically revised via:

γ̄j(k + 1) =

{

max(β, zγj(k)), if |Vr(k)| > ǫ

max(β, γj(k)), if |Vr(k)| ≤ ǫ
(9)

where 0 < z < 1 and ǫ ≥ 0. Given the target SINR

γ̄j(k + 1), link i then uses the FM algorithm of [6] to

update its transmit power in the next iteration:

Pj(k + 1) = min

(

Pmax,j ,
γ̄j(k + 1)

γj(k)
Pj(k)

)

. (10)

Effectively, a non-bottleneck link iteratively reduces its

transmit power until the absolute rate differential can

drop to a value equal to or less than ǫ (while the

target SINR is kept at least equal to or more than

β). The value of ǫ represents a tolerable absolute rate

differential threshold. Note that if a bottleneck and non-

bottleneck link are on the same channel (see Fig. 1 as

an example) this iterative transmit power reduction also

decreases interference for the bottleneck link. Thus, a

bottleneck link can use (8a) to increase its transmit power

correspondingly to the decrease the interference. These

twin factors will thus result in a higher SINR for the

bottleneck link.

V. NSLA CONVERGENCE

We now consider the convergence of NSLA in net-

works that are rate-limited by the relay-to-BS links.

We define such a network as one where the number

of UEs each relay has to serve is sufficiently large

such that if the SINR of each UE-to-RS link is β and

the relay-to-BS links transmit at full power, the rate

differentials remain non-positive for each relay r (i.e.

Vr = W
(

log2(1 +
gr,rPmax,r

no
)− |Lr| log2(1 + β)

)

≤

0, where gr,r is the gain of the RS-to-BS link). Note

that by considering such networks we greatly simplify

the convergence analysis. The issue of convergence in

more general situations will be explored in our future

work.

We first consider the worst-case interference case

when the effective interference of all links remain below

the thresholds in (8).

Proposition V.1. If (β + 1)D ≤ [I − (β + 1)F]Pmax

then the effective interference never increases above the

threshold
Pmax,i

β+1 for any link i ∈ L.

Proof: We can rearrange (β + 1)D ≤ [I − (β +
1)F]Pmax into (FPmax +D) ≤ Pmax

β+1 . Note that if

all links transmit at full power, the maximum effec-

tive interference is Emax = FPmax + D. Given the

inequality (β + 1)D ≤ [I − (β + 1)F]Pmax, the maxi-

mum possible effective interference (LHS) is always less

than the threshold Pmax/(β + 1) (RHS). We conclude

that the effective interference for all links is such that

Ei(1), Ei(2), Ei(3), · · · ≤
Pi,max

β+1 .

Next we derive the power control updates for all

bottleneck and non-bottleneck links in a network where

performance is rate-limited by the RS-to-BS links. If we

set ǫ = 0 in such a network for any given z, the target
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predicted by (15) for the network in Fig. 1.

SINR in (9) will reduce to β since the UE-to-RS (non-

bottleneck links) simply need to maintain the lowest

target SINR in (9) to minimize the rate differentials.

Therefore, a non-bottleneck (UE-to-RS) link j (wj =
0) will then use the FM algorithm with target SINR γ̄j =

β where, since γj(k) =
Pj(k)
Ej(k)

, we have:

Pj(k + 1) = min (Pmax, βEj(k)) . (11)

Finally, let M be an L× L diagonal matrix such that

M(j, j) =

{

1 if wj = 0

0 otherwise.
(12)

Suppose that (β+1)D ≤ [I−(β+1)F]Pmax holds. Then

Proposition V.1 implies that all bottleneck links use the

power control in (8a). Let the effective interference (in

vector notation) for iteration k be

E(k) = D+ FP(k). (13)

We can then represent the power control updates of all

the L links in matrix form:

P(k + 1) = M(βE(k)) + [I−M][Pmax −E(k)]

P(k + 1) = Y +XP(k)
(14)

where, using (13), Y = βMD + [I − M][Pmax − D]
is an L × 1 vector and X = βMF − [I − M]F is

an L × L matrix. Thus, the network’s power control

reduces to a mixed algorithm where FM is used for non-

bottleneck and MPEA is used for bottleneck links. Given

a constraint on the maximum interference, we can derive

the converged transmit power vector.

Theorem V.2. In a network where performance is rate-

limited by RS-to-BS links and (β + 1)D ≤ [I − (β +
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Fig. 3. Taking into account end-to-end goals via NSLA enables the
best performance for the network in Fig. 1.

1)F]Pmax, a unique fixed point for the transmit powers

is [I−X]
−1

Y.

Proof: The spectral radius of X is less than one (see

Appendix). Hence, according to [8, pg. 618] the transmit

powers in (14) evolve to:

P(k) = Y +X (Y +X (Y +X (· · ·P(0))))

= [I+X+X
2 +X

3 + · · · ]Y +X
k−1

P(0)

lim
k→∞

P(k) = P
∗
0 = [I−X]−1

Y

(15)

We can verify the above derivation in Fig. 2, where we

plot the evolution of transmit powers under NSLA given

a set of randomly selected initial transmit powers for the

network shown in Fig. 1. We assume that the gain is of

the form gj,i = d−α
j,i , where α is the path loss exponent

(α = 3.0 in Fig. 1), W = 1 MHz and dj,i is the distance

between the transmitter of link j and the receiver of link

i. The maximum transmit power of UEs is 1.0 Watt,

that of the relay-to-BS link is 2.5 Watts, while the noise

power is set as no = −120 dBW. Given β = 1.59 (2

dB), the inequality (β + 1)D ≤ [I − (β + 1)F]Pmax

is satisfied. With z = 0.8 and ǫ = 0, we observe that

the transmit powers for NSLA converge to the vector

predicted by (15).

A. Benchmark Power Control Schemes

To compare the performance of NLSA, we consider

two alternative power control schemes. We call the

first one Channel State-based Link Adaptation (CSLA),

where each link uses the power control in eq. (8) only.

Thus, there is no distinction between bottleneck and non-

bottleneck links, as each transmitter relies only on its
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locally available CSI. For the network under considera-

tion, (β + 1)D ≤ [I− (β + 1)F]Pmax holds and as per

Proposition V.1 the effective interference of each link

always remains below the mode-switch threshold. Since

all links would then use the MPEA algorithm under the

CSLA scheme, we may set M = 0.I (i.e. no link uses the

FM algorithm) to set X = −F and Y = Pmax−D. The

converged transmit power vector would then have been

strictly P
∗
1 = [I+ F]

−1
[Pmax−D]. Note that the CSLA

power control scheme is similar to the two-mode power

control scheme in [2] where a link switches between the

FM algorithm and the opportunistic power control of [3]

depending on its instantaneous effective interference.

Secondly, we compare NSLA with the Foschini-

Miljanic (FM) algorithm where each link simply tries to

maintain a target SINR β. In this case, we can set M = I

(i.e. no link uses the MPEA algorithm). Since X = βF
and Y = βD, then the converged transmit power vector

would have been strictly P
∗
2 = β [I− βF]

−1
D. In Fig.

3, we plot the evolution of the aggregate user data rate

for the three power control schemes. Observe that they

converge to the aggregate user data rate corresponding

to the vectors P∗
0, P∗

1 and P
∗
2 (plotted for k = 30). Also

note that NSLA outperforms the two schemes.

VI. SIMULATION RESULTS

We now consider a multihop cellular network with

Nr = 3 relays that are angularly separated by 120o

and located 4000m from the base station. We assume

no = −120 dBW, W = 1 MHz, α = 3.0, the maximum

transmit power of RS-to-BS links as 3.0 W, while that

of UEs as 1.0 W and the cross-link gains of the form

gj,i = d−α
j,i . The transmit powers of downlink pilot

signals from the BS and RS are assumed equal. There are

a total of n UEs in the cell, randomly distributed within

circular regions around the 4 receiver stations (i.e. one

BS and three RS) according to a uniform distribution.

The radius of a circular region around each of the 4

receiver stations is RL m.

In each simulation trial, for a given topology and

channel assignments, links adapt under a given power

control scheme (FM, CSLA, or NSLA). The NSLA

parameters are set as z = 0.8 and ǫ = 0.1 ×W.S. We

average the corresponding value of
∑

∀iwiηi for a large

number of trials to plot the following results.

In Fig. 4, we plot the aggregate user data rate
∑

∀iwiηi as a function of how the UEs are dispersed

across the receiver stations. When RL is large, the UEs

are dispersed over wider regions while, conversely, when

RL is small, the UEs are clustered more closely. For

reference, RL = 2000 m lies midway between a RS and

the BS in this network. We observe a significant gap

between the users’ data rate achieved by NSLA over

both CSLA and the FM algorithm over the range of RL.
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If the UEs around the receiver stations are clustered more

closely, the advantage afforded by NSLA increases. In

Fig. 5 we plot the aggregate user data rate in the network

against the total number of UEs n, with RL = 2000 m.

Again, we see that NSLA outperforms CSLA and the

FM algorithm over the range of n.

Thus, NSLA becomes more advantageous in

interference-limited regimes, that is, when there is a

higher node density and when UEs are clustered more

closely around the receiver stations. Note that with a

larger n, the requisite number of channels (i.e. S) also

has to be larger (as per channel assignment constraints),

which accounts for the monotonic increase in
∑

∀iwiηi
for all the schemes.

We now consider the ability of each adaptation
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Fig. 6. NSLA yields better performance in terms of both a higher
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(NSLA, CSLA, and FM) to reach a feasible solution,

i.e., one where every link meets its minimum SINR

goal. We consider the trials in Fig. 5 when all links’

SINR can converge to β under the FM scheme (i.e. the

system is feasible) but when either NSLA or CSLA may

not reach a feasible solution. Using a scatter plot, we

compare the gain in the user data rate for our schemes

over the FM algorithm against the proportion of the

number of links failing to satisfy β. The gain in the

aggregate data rate can be defined as the expected value

E

[∑
∀i

η
′′

i∑
∀i

η
′

i

]

where η
′′

i is the achieved data rate of link

i under proposed schemes (NSLA and CSLA) while η
′

i

is the corresponding data rate of the same link under

FM scheme. The proportion of inadmissible links can

be defined as the expected value E[LIF

L
] where LIF is

the number of links unable to achieve β from among

L links. In Fig. 6, we use Monte-Carlo simulation to

produce a scatter plot of the sample mean of E

[∑
∀i

η
′′

i∑
∀i η

′

i

]

against the sample mean of E[LIF

L
]. We can observe that

the proportion of inadmissible links may range between

1−7% for NSLA while it is larger for CSLA and ranges

over 2 − 9%. Likewise, the throughput gain in the user

data rate varies between 180 − 320% for CSLA but it

is 250− 480% for NSLA. Thus, NSLA does better than

CSLA in terms of both system throughput and relative

feasibility.

VII. CONCLUSIONS

In this paper we have examined the impact of transmit

power adaptations that take into account network condi-

tions in making local adaptations. We have shown that

this leads to a significant improvement in the aggregate

network data rate and fewer links unable to satisfy the

minimal SINR. We have also derived a closed-form

expression of our scheme when RS-to-BS links act as

bottlenecks for the traffic generated by UEs.
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APPENDIX

Lemma A.1. If (β + 1)D ≤ [I− (β + 1)F]Pmax, then

the spectral radius (maximum absolute eigenvalue) of F

must be less than 1
β+1 .

Proof: See [4] for details.

Lemma A.2. If the spectral radius of F is less than
1

β+1 , the spectral radius of X is less than one.

Proof: The non-diagonal matrix elements of row j
in X are either the same as that of F or they are scaled by

a factor of β depending on the value of M(j, j). Hence

the spectral radius of X is also bounded by β
β+1 < 1 [8,

pg. 498].
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