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Abstract—Back-Pressure Power Control (BPPC) is a cross-
layer network optimization policy that uses power control at
the physical layer to facilitate efficient routing of packets at
the network layer. The starting point of this paper is that
interference cancellation can be judiciously employed together
with power control to further enhance network throughput.
Effective cancellation requires that the interfering signal can be
reliably decoded, implying that power control and interference
cancellation are tightly coupled. This leads to a joint Back-
Pressure Power Control and Interference Cancellation (BPPC-
IC) problem formulation, with the pragmatic constraint that
each receiver can cancel at most one interfering signal. This
problem is shown to be NP-hard, and two approximate solutions
are proposed based on successive geometric programming ap-
proximation, and an extended weighted minimum mean squared
error (WMMSE) reformulation, respectively. A simpler approx-
imation based on stochastic exploration of the control space
is also considered. Simulation results demonstrate that joint
optimization of power control and interference cancellation pays
off, enabling considerably higher network throughput, and lower
average delay due to reduced backlogs.

Index Terms—Cross-layer, network optimization, back-
pressure, power control, interference cancellation, NP-hard, con-
vex approximation.

I. INTRODUCTION

VER the past few decades, there have been significant

advances in network optimization for maximizing end-
to-end throughput [1], [2], [3], [4], [5], [6], [7], [8], [9], [10],
[11]. In parallel to these theoretical developments, there have
been remarkable technological advances that have transformed
network nodes from simple switches to sophisticated com-
puters, with on-board sensing, control, and communication
capabilities. These parallel developments have paved the way
towards implementation of advanced network optimization
algorithms in the foreseeable future.

Among the various objectives of network optimization,
ensuring maximum end-to-end throughput has always been
at center stage, reflecting demand for ever higher rates. In a
series of papers [1], [2], [3], [4], Tassiulas et al established that
back-pressure network control, a dynamic policy that adapts to
changes in differences of adjacent node backlogs, is optimal in
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terms of achieving maximum stable throughput. That is, back-
pressure stabilizes the network, if the network can be stabilized
by any policy for the given exogenous arrivals. Maximum
stable throughput is the maximum aggregate rate of exogenous
arrivals that the network can sustain while ensuring that
backlogs and delays remain bounded, and therefore payloads
are eventually delivered to their destination.

Soon after [1], [2], it was realized that these results are
broadly applicable to cross-layer network operations, from
scheduling to resource allocation at the physical layer. As an
example, back-pressure dictates the right formulation of power
control at the physical layer, if one is interested in maximizing
throughput at the network layer [12]. This Back-Pressure
Power Control (BPPC) problem was revisited in [13], where it
was shown that BPPC is NP-hard, and an approximation using
a sequential geometric programming strategy was proposed.
The approximation in [13] yields substantial gains in terms of
throughput over earlier approaches [12].

The insight that motivates this paper is that a strong
interferer can be preferable to a weaker one, if it is strong
enough to be reliably decoded. That is, if the interfering signal
(possibly after de-spreading with its own code) is heard at
sufficiently high power relative to other co-channel signals
(including the primary signal of interest), then it can be
decoded and cancelled. The ability of a receiver to cancel
interference depends on the power allocated to the direct and
interfering links. Hence interference cancellation and power
control are intertwined; joint optimization of transmit powers
and interference cancellation ‘taps’ over all links is needed to
exploit the interplay between the two.

Joint power control and interference cancellation for max-
imum throughput in multi-hop wireless networks has not
been considered in the literature, but there is some work
addressing related problems at the physical layer. The closest
reference is [14], which considered joint power control and
interference cancellation to maximize the minimum signal to
interference plus noise ratio for a set of co-channel links. The
main differences with [14] are in the formulation, including
a different cross-layer objective (differential backlog-weighted
sum of link rates); and in the solution, where polynomial-time
approximation algorithms are proposed, as opposed to [14]
which suggests using generic mixed integer linear program-
ming solvers, which have exponential worst-case complexity.
As in [14], it is assumed that each link can cancel at most
one interferer. The reason for this is that cancelling more than
one interferers requires expensive analog to digital converters
with very fine resolution and wide dynamic range.

It is shown that BPPC with Interference Cancellation
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(BPPC-IC) is NP-hard, but it is also shown that judicious
approximations yield substantial end-to-end throughput im-
provements, which can justify the added complexity. Two
different approximation strategies are considered: one relying
on successive approximation using convex lower-bounding of
the link rates [15], [16] and geometric programming; the other
using a generalization of the weighted minimum mean squared
error (WMMSE) reformulation of the sum-rate minimization
problem [17], [18], which renders it in a form suitable for
block coordinate descent. We emphasize that the problem
considered here is a non-trivial generalization of the weighted
sum rate maximization problems considered in [17], [18], [15],
[16] (see also [19]), because it incorporates an integer part
stemming from the interference cancellation constraints. This
makes the problem more difficult.

In addition to full-fledged BPPC-IC, a simpler approxima-
tion based on stochastic exploration of the control space is also
considered. The motivation for this is as follows. It has been
shown in [4] that when the control space is discrete and finite,
a greedy randomized policy is optimal from a throughput
perspective, at the expense of higher delay. This consists
of drawing a random policy per scheduling slot, comparing
it to the current one and adopting the new one only if it
yields better objective for the present slot. In our present
context the control space comprises continuous (powers) and
discrete (cancellation taps) variables, and optimization over
the continuous variables is NP-hard. While [4] is therefore
not applicable in our context, it still motivates considering a
random interference cancellation policy (BPPC-RIC) where,
in each time slot, each link randomly draws another link as
candidate for cancellation. Whether the chosen candidates will
be actually cancelled or not is determined by solving a reduced
BPPC-IC problem. This solution is compared with the one
from the previous slot, and the best one is retained. BPPC-
RIC has lower complexity, but takes time to explore the control
space.

The merits of BPPC, BPPC-IC and BPPC-RIC are com-
pared in pertinent experiments, demonstrating that joint opti-
mization of power control and interference cancellation pays
off, enabling considerably higher network throughput, and
lower average delay due to reduced backlogs.

II. SYSTEM MODEL

Consider a wireless multi-hop network with N nodes. The
network topology is represented by the directed graph (N, £),
where N = {1,...,N} and £ = {1,..., L} denote the set
of nodes and the set of links respectively. Every link ¢ € £
corresponds to an ordered pair (7, ), where ¢ # j and i,j €
N. Let node 1 be the source and node N be the destination
- the analysis can be easily extended to multiple sources and
multiple destinations, cf. [13]. The aim is to transmit data
from the source node to the destination node, possibly using
multiple multi-hop routes, in such a way that the throughput
from source to destination is maximized.

We assume that the system is slotted in time, with slots
indexed by t. Let W;(t) denote the packet-backlog of node
1 at the beginning of slot ¢. The differential backlog for link
¢+ (i,7) at the beginning of slot ¢, Vi € N\{N}, is defined
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as [1]

maxc{0, Wi(t) - W;()}, j# N

D) ={ e Lo

In each time slot, all nodes except the destination node are
allowed to transmit data to all nodes other than the source
node. Each node may divert its incoming traffic into multiple
outgoing links. Let p; denote the transmission power on link
{. Then, the SINR at the receiver of link ¢ is given by

Goepe

'y =
‘ o+ Sr1 Gorpr + o?
s9 (21

Ve L 2)

where Gy denotes the channel gain between the transmitter
node of link k and the receiver node of link ¢, Ut? is the
background noise power at the receiver of link ¢, and G4
represents the spreading / beam-forming / coding gain, if any.
The ‘overhearing’ SINR at the receiver of link ¢ when it
attempts to decode the transmission of link k, is given by

G
Lo = Dk S k€ L \{0},V e L
Gy Em;}c Gempm + 0y
3)
where L£,- = {0} U {£\{¢}}. If Ty, is greater than a

specified threshold 7', then the receiver of link ¢ can reliably
decode the transmission of link k& and subsequently cancel
its contribution from the received signal. We define a set
of indicator random variables {{cx}x e c,. }eer to denote
whether or not link £ cancels link k. For & # 0,

| 1, if link ¢ cancels link &
Ctk = 0, if link £ does not cancel link k&

“

For &k = 0, ¢ = 1 corresponds to no interference
cancellation by the receiver of link ¢. So
o — 1, if ¢g, =0,Vk € Eg—\{()} (5)
0 0, otherwise
We restrict the receiver of each link ¢ € £ to cancel at most
one of its interferers at a time. This translates to a constraint
on the cancellation coefficients given by

L
dew=1, ViecL (6)
k=0
ke

From (4)-(6), it follows that for every ¢ € L, only one of

{Czk}keﬁh can be equal to 1. The transmission rate on every
link ¢ € L is upper-bounded by its capacity, given by

L
Ry=">log (1 + comYem) (7

ns
where ¢p,, € {0,1} as per (4)-(5), and 7z, is the SINR at
the receiver of link ¢ after cancelling the transmission on link
m when m # 0, or no cancellation at all when m = 0. In
both cases, this is given by

Goepe
1 2

T NmeL,- NleLl (8)
G Zklgl Gukpr + 03

Yem =
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IIT. PROBLEM FORMULATION

For every ¢, the link rates are bounded by their respective
capacities resulting from the power allocation {ps}sc o and
the cancellation coefficients {{cex }x e c,_ teer obtained at
the beginning of that slot. These are determined by solving
the optimization problem II; that maximizes the differential-
backlog weighted sum-rate of the wireless network. This
objective function optimizes end-to-end network throughput,
as shown in [1], [2], [3], [9].

II; BPPC-IC
L L
max Z Dy(t) Z log (1 4 cemyem)
{pe}eec = 0
Heembmer,_ beer ™7 M2l

st. 0<p, <P VleL, (9a)
co € {0,1} Vke L,-,VleL, (9b)
L
Yem=1 VlerL (9¢)
k=0
k#L
Lo > Tep Yk € E@—\ {0}, Yle Ll (9d)

Constraint (9a) upper bounds the transmission power of
each link ¢ € L. Per-node sum power constraints can also
be included without changing the nature of the problem. The
constraints in (9b)-(9c) reflect the adopted binary cancellation
tap model, and restrict the receiver of each link ¢ € £ to cancel
at most one of its interfering links. The inequalities in (9d)
enforce the interference cancellation constraints for ¢ € L.
Here T is the SINR threshold for the receiver of a link to
reliably decode the data transmitted in another link. For each
k € L£,-\{0}, ¢ € L, the corresponding inequality in (9d)
becomes active only when ¢y, = 1, and is trivially satisfied
when cg, = 0 (cf. non-negativity of the powers and channel
gains). If ¢y = 1, the corresponding constraint in (9d)
ensures that the ‘overhearing’ SINR at the receiver of link ¢
is at least 7', when it tries to decode data transmitted in link
k and cancel its contribution from the received signal of link
L.

The BPPC-IC problem (IIy) is intuitively harder then
plain BPPC, which is already NP-hard [13]. This suggests
that BPPC-IC is NP-hard too. This is made rigorous in the
following.

Claim 1: The BPPC-IC problem II; contains all instances
of the BPPC problem, and is therefore NP-hard.

Proof: Every instance of the BPPC problem considered
in [13] can be characterized by {G , P}, where G is the path-
loss matrix {Gyr}e ke and P is the maximum allowable
transmission power on each link. On the other hand, the
BPPC-IC problem (II;) can be characterized by {G, P, T'},
where T' is the ‘overhearing’ SINR threshold. It can be seen
from (92)-(9d) that, for a given {G, P}, if the threshold

T > Tha (G, P) = {maxkegl\{o} (Géép)], then there
tec
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G
% =10"2

is no choice of {p; € [0, P]}eec, which can support cg, = 1
for any k € L£,-\{0}, ¢ € L. Therefore, the optimal
cancellation coefficients have to be {¢j, = 1}, and {{c}, =
O}keﬁf_\{g}}[eﬁ when T > T4, (G, P). It follows that
every problem instance of BPPC, characterized by {G, P},
can be posed as a special case of BPPC-IC {G, P, T'} with
T > T (G, P). [ ]

A. Interval relaxation

In II;, the cancellation coefficients ¢y are restricted to
binary values {0,1}. Rewriting the interference cancellation
constraints for link ¢ € £ and candidates m,n € L£,-\{0},
m # n we have,

Gfmpm

Gfmpm > 1 Cem
=9 15757%1 WOk

Génpn B ng

2 chm =

G T
: . tnPn - > chn - G@npn > Cin
G ZkZI G@kpk + gy tmPm ng
=9 k#n
T G G G?
Com < ImPm S sg - Com Con S 529
ng Génpn Tcen T

(10)

For every ¢ € L, if cpp is pogitive, then the inequality
in (10) upper bounds ¢, to Ti;—;;n Vn € L,-\{0, m}.
In addition, if the SINR threshold T is high, the upper-
bound itself is very small, thereby resulting in all cancellation
coefficients other than ¢y, to be drawn towards zero. Hence
for high T, the cancellation coefficient vector {cex }rer, \ {0}
for each link ¢ € £ has at most one significantly positive value
and the remaining ones are negligibly small, in comparison.
Thus, even if we replace the binary {0, 1} constraints on the
cancellation coefficients with [0, 1] interval constraints, the
feasible region for these coefficients does not extend to the
product space: it will be limited close to the axes. This is
illustrated in Fig. 1, and it motivates the relaxation of {{c €
{0,1}bker, teec in 9) to {{cex € [0,1]}rer, }eec

IV. CONVEX APPROXIMATION ALGORITHMS

The modified formulation after interval relaxation is given
by Il as shown below.
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I, BPPC-IC
L L
max > Du(t) | Y log (1 + comyem)
{pe}eec = o
Heemtmee, _Yeec *~ m£l

st. 0<p, <P Vle€L, (11a)
cp €10,1] VkeL,-,VLeL, (11b)
L
Y ew=1 VleL, (11c)
k=0
kL
Do > Tep, Vke L,-\{0}, Ve L (11d)

Using (8), the objective function in II5 can be rewritten as
follows.

L L L

1
E Dg(t) E log Gupecom + — E Gekpk‘FUg
=1

m=0 G k=1
m#£L k#L,m
1 L
—log Z Gurpr + 0}
G k=1
k#L,m

This is a non-convex function of {pslecs and
{{Cgm}meﬁg_ }eec. In this paper, we present two methods to
find the approximate link-powers {p¢}scs and cancellation
coefficients {{C@k}ke£(7 teer for IIo. In the first method,
we approximate the non-concave objective function by a
concave lower bound, followed by a variable transformation,
which yields a concave maximization problem. In the
second approach, we extend the weighted minimum mean
squared error (WMMSE) framework for weighted sum-rate
maximization problem) [17],[18] to our formulation in Ils,
and use block coordinate descent to obtain approximate

{pe}eec and {{cektrer, teec.

A. Successive Approximation algorithm

In this algorithm, we approximate each term inside the inner
summation of the objective function in Il by the following
concave lower bound, first introduced in [15], [16].

log(142) > alog(z)+f for { g _ IBE‘Z("l’+ 20) — 2 log(z0)
12)
This bound is tight at z = z, and as z, — 0o, the inequality
becomes log(l + z) > log(z). Introducing a logarithmic
transformation of variables, py = logpy, ¢ = logcg, and
applying (12) to II;, we get the following approximate

formulation' II3.

'Even though we are maximizing a lower bound to the original objective
function in l_fl, the solution to I_Igg yields an approximate solution (which
may give an objective value higher than the maximum of the original
objective in 1), as a result of the interval relaxation introduced for

{{eadher, Yeer inlla
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II3

max

L L
Dy(t (T G + GS 5
{ﬁf}ﬂeﬁ ; Z( ) [ Z Qy ( )( y74 g pg

. = =0
Héem}tmer,_ teer m;ﬁg

L
—log [ Yo eGute g et ] + éem) + Bem(t)
o
st. pe<P=log(P) V! e L, (13a)
G € [log(e),0] Vk € L,-, V0 € L, (13b)
L
log (Zeaf’“) <e VIl €L, (13¢)
k=0
kL
~ ~ L =, ~ ~2
Gék + ng +]57€ - lOg Z 6G£j+pj + et
=1
gik
>T +¢y Yk e L,-,V0 e L. (13d)

where g, (t), Bem (t) are constants chosen to bound log(1+

ComYem) according to (12) at a suitable supporting point

Gk
Gsg )

67 = log(o?) and ¢ > 0 is a small positive constant
introduced to avoid numerical errors (since log(0) = —o0).

determined as discussed in section IV-A, @gk = log

The objective function II3 is concave, since it comprises
a sum of linear and concave functions of {ps}ec, and
{{E@m}mege_ }ee - The weights Dy(t) and constants au, (t),
Bem (t) are nonnegative, cf. (1), (12). Furthermore, the set of
constraints for IT3 are convex with respect to {p¢}scs and
{{ée e c,. }ee c. Thus, IT3 involves the maximization of a
concave function over a convex feasible set which is a convex
optimization problem.

1) Algorithm Description: For every time slot ¢, problem
II; is solved using a variation of the Batch Successive
Approximation algorithm in [13]. For the first iteration, I3 is
solved with oy, (t) = 1 and By (t) = 0,Vm € L,-, YVl € L.
Then, for subsequent iterations, using (12), (14), the values
of agm(t) and Ben(t), Vm € Ly— VL € L are updated using
{p} Yeers {{EZk}kGﬁg— teer obtained from the previous
iteration. This tightens the individual link rate lower bounds
so that they coincide with the link rates at {p;}sc, and
{{&r}kec, teec. This procedure is repeated until the
objective function value converges. The description of the
algorithm is given below.

Algorithm 1: Successive Approximation for BPPC-IC

1) Initialization step: For each time slot ¢, calculate Dy(t),

reset iteration counter n = 1, and set agzl) (t) =1 and
"™ (1)=0,¥m e L,-, VL e L.

2) repeat

3) Optimization Step:
(& Yeer, beec.

4) Update step: Update o1 (t), 8"V (#) according to
(12) for each m € L,- and V¢ € L at the supporting

Solve M3 — {p*" }ier.
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point
() ()
Gubi Cim
z20 = I EL G ) n 3 (14)
k=1 Gek P g
Gog ikt k ¢
() ﬁ*(") () =
where p; ~ = ePt  and ¢}, = e%m , Vm ¢
Ly-, Vel
5) n=n+1
6) until convergence of the objective value (within e-
accuracy)

7) Rounding step: c;,, =1, ¢, =0,Ym#k,m € Ly-

Gre Py Cim
T T 3
Geog 2 j=1 Geipjto;
j#em

where k = arg max,, ¢ c,.

Here aézl) (t), Z;) (t),p}f("),c}‘;? represents the values of
the variables in the n'” iteration. The optimization variables
for BPPC-IC are L link powers and L(L — 1) cancellation
coefficients. Hence the worst-case complexity [13] is O(L7),

where L = |L|.

2) Random Interference Cancellation Policy: When the
control space is discrete and finite, it was shown in [4] that
a simple randomized policy is - surprisingly - optimal from
a throughput point of view (the price paid is excess delay).
Although the result of [4] does not apply directly to our
problem (involving both continuous and discrete optimization
variables), it motivates a comparison of the BPPC-IC policy
to what we will refer to as BPPC-RIC (for Randomized
Interference Cancellation). Here, we present two randomized
policies namely a) BPPC-RICI and b) BPPC-RIC2.

BPPC-RICI: For t = 1, we fix {cp(t) = 1}, and
{{eex(t) = O}rec, \{o}}eec and obtain the values of
{pe(t) }eer by solving the BPPC problem in [13]. For t > 1,
the receiver of every link ¢ € L chooses a link at random,
say k¢ € L,-\{0}, for cancellation (cex,(t) = 1) and fixes
the remaining coefficients {cem(t)}mer, \(k,) to zero. If
I, is infeasible for this choice of {{cem(t)}mer,  teec, we
simply reuse the power vector and cancellation taps from
the previous slot in the current slot as well. On the other
hand, if II4 is feasible, it is solved to obtain {pj(t)}ecc.
Now, the objective function for the current time slot is
evaluated using  ({p} (¢)}rec, {{cem(t)}mer,_ }eec) and
({p7™ (t = D}eer, {{cih (t = D}mer, }eec), the  pair
selected for slot ¢ — 1. The pair achieving the higher objective
value is selected for the present time slot.
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BPPC-RICI

L

II4

max
{Pe}eec

Dy(t) lam () (éu + Gg + Do
=1

L
—log [ D eCuthi 4 G&?]) + Bek, (’5)1

st. pp<P:=logP YleL, (15a)
éfk@ + C?sg + ﬁkz
L
— log [ Z eCek P | e&f} >T,VleL.
k=1
k#ky
(15b)

For such randomized exploration of the cancellation part of
the control space, the probability of I14 being infeasible grows
rapidly with the number of links. As a result, the performance
of BPPC-RICI tends towards that of BPPC. One could think
of pruning the set of candidates for cancellation down to
nearest neighbors, but note that the stronger interferers are
determined not only by proximity but also by transmission
powers, which are optimization variables that are not known a
priori. In order to boost the benefit of BPPC-RIC over BPPC,
we propose an improved version that simultaneously explores
2|1 cancellation configurations.

BPPC-RIC2: At the start of every time slot, the receiver
of each link ¢ € L chooses one other link at random, say
ke € L,- as a candidate for cancellation, i.e., {ka}ke{mlw} S
[e,1] (¢ for avoiding numerical errors), and fixes the re-
maining coefficients {cek}keﬂﬁ_\{o_’k(} to zero. Here each
receiver retains the freedom to choose between cancelling
the randomly chosen link, or not, unlike BPPC-RIC1 where
all cancellation taps are fixed. Then II3 is solved with the
aforementioned constraints on cyg, to obtain the optimal
values of {pj(t)}ecc and {{¢},,(t)}meqo,ke} teec. The value
of the objective function for the present time slot attained
by {p;(t) }eec and {{¢},,,(t) }mec,  }eec is compared to that
achieved by {F;”(t — 1)}eer and {{&2 (t — 1)}mer,_ becr
(power allocation and cancellation coefficients for slot ¢ — 1)
and the pair resulting in the higher value is chosen for the
present time slot. The BPPC-RIC2 policy effectively explores
2L cancellation configurations per slot, thus being in-between
of BPPC-RIC1 and BPPC-IC in terms of complexity. The
optimization variables for BPPC-RIC2 are L link powers and
2L cancellation coefficients. Hence the worst-case complexity
is O(L*%) [13].

3) Extension to multiple flows: In multi-flow scenarios,
each node maintains separate queues for different destinations
(flows) in the network (note that different sources sending
to one destination can be treated as a single flow). In each
time slot, each link is fully committed to the flow with
the maximum differential backlog over that link, i.e., back
pressure routing is a winner-takes-all policy [1] for each link,
and the winner’s maximum differential backlog is what is used
as the link weight in the BPPC-IC formulation. Hence our
algorithms can be applied verbatim in the (so-called multi-
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commodity) multiple-flows case, the only difference is that the
determination of link weights prior to optimization is different.
See also [13].

B. Extended WMMSE algorithm

An iterative algorithm for weighted sum-rate maximization
which works by minimizing a weighted mean square error
(MSE) function instead, has been developed by Shi et al
n [18], extending earlier work in [17]. The merit of this
technique lies in that the stationary point of the reformulated
problem can be approached using a series of closed form
updates, which significantly reduces complexity relative to the
successive convex approximation algorithm. Here, we extend
this technique to find an approximate solution of the BPPC-IC
problem in II, by iteratively solving an equivalent weighted
MMSE problem as shown below.

Define v, = /pg, V¢ € L and Hy, = /Gy, V |l € L.
Now, consider the following weighted MSE objective function.

= Dy(t)

LeLl

fwmmse
meL,

(16)
where Dy(t) is the differential backlog for link ¢ at time slot
t, v =[vg,v,... ,vL]T and the error function ey, is defined
as

6@m(wm, Cfma V) = (wemHeer/Comve — 1)2 +

Z UgmHgk’Uk —|— U?U%m, YmeL,- Vel

59 k=1
k#l,m

G

A7)

In (16) and (17) we,, € RT and ug,, € R are auxiliary
variables which are introduced in order to facilitate the split-
ting of the main problem into simpler sub-problems. Here
€om (Uem, Com, v) can be considered as the MSE between a
transmitted signal at link ¢ € L, of unit power, and the received
signal at the Rx of link ¢ after cancelling the interference from
link m € £,-\{0}. The scalars v, and ug,, assume the role
of transmit precoder and equalizer weights, respectively, and
o? is the background noise power. Consider

Il5
in ZDe(t) Z (wfm etm (Wem, Com, V)
T vec meL,—
—logwgm)
st. 0<vi<P VlecL, (18a)
cor €10,1] Vke L,—, Ve L, (18b)
Y ew=1 V€L (18¢)
keL,—
H?
: Vi — > Ten (18d)
Gag Z Hémvgn E
Vk e £,-\ {0}, Yl € L.

Z (wfm e@m(ufma Cems V) - 1Og w@m)
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where u = {{usm}mec, teec, W = {{wem}mec,_ beec and
¢ = {{cem}mec,_ }eec- Since w and u do not appear in the
constraints, their optimal values can be obtained by setting
the partial derivatives of the objective function with respect to
Wy, and ugy, to zero. Therefore Vm € L,-, VI € L,

Hypv/Comup
2 )
(Hoon/Comve)” + & ;5 (Howwr)® + 03

—1
Wi, = (1= upp Hoo/Comve)

Substituting (19) into (17), we get

* pr—
Up, =

19)

—1

HZv%¢
14 20V Cem

Cim (uzma Coms V) =

HZ vi + o0}
= (1 —up,, Heon/Comue)

Substituting (20) and (19) into (18), we get an optimization
problem in terms of v and c as shown below

(20)

I
H2v2¢,
max E Dy(t E log | 1+ Lt Tm
P 1 2 2 4 g2
LeL mG,CE_ G 2k Yk ‘

st. 0<vi<P V€L, (21a)
cor €10,1] VkeL,-, VleL, (21b)
> ew=1 V€L (21c)
keL,-
H2 2
bk > Tey, (21d)
fmvgn =+ O.g

Vk € L,-\ {0}, ¥l € L.

This optimization problem is the same as II;. Hence the
weighted MSE minimization problem in II5 is equivalent to
the differential backlog weighted sum-rate maximization in
II,. Furthermore, the equivalency of stationary points can be
shown in terms of the KKT conditions, see Appendix I.

1) Block coordinate descent approach for weighted MSE
minimization: Block coordinate descent can now be used to
obtain approximate {pj }¢ec and {{c},, }mer,_ }eec for Ie.
In each step, we update a set of the variables keeping the rest
fixed. This updating procedure is repeated until convergence
of the cost function. The update steps are as outlined below.

For every t, we initialize vy = VP, Yl € £ and ¢pp =
1, cop =0, Yk € L,-\{0}, VL e L

u-update:
afwmmse _ 0 :>
aufm B
.« Hoen/Comue
U, = 2 1 7 2 5’
(Hoon/Comue)™ + G—ngk;ﬁl (Hewvr)™ + 07
,m

Vm € Ly- V€L (22)
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w-update:
0 wmmse -
J(;Tz =0 = wj,, = (1 — uj,, Hor/Comve) " (23)

Vm e Ly-, Ve Ll

v-update: Here, we fix wgy,, Wem and cop,, YVm € L,— V0 €
L. Then the update of v can be formulated as shown in
II,. This is not a convex formulation, since the interference
cancellation constraints are non-convex in v. But we use the
non-negativity constraint explained below to convert II7 into
a convex problem.

L
11, minZDe Z (w}‘megm(u}m,qm,v)>
v £=1 meL,—
st. 2 <P Vel (24a)
ng’Uk

5 > TepVk € Ly—, V€ L.

(24b)

Non-negativity constraint on {vg}ecr: It can be seen from
the update of u’s in (22), that the uj,, and v, have the
same sign. Hence, on substituting uj,,, into (17), problem Il
becomes a function of {v?}¢c . It follows that, without loss of
generality {v;}sc, can be assumed to be non-negative. Thus
II; can be reformulated as a convex optimization problem Ilg
with a quadratic objective and a second-order cone constraint,
which is solved to obtain {v] }scr.

HS mlnz Dl Z Wem Eem uzma Com,s V)
meﬁl,
st. v2 < P WlecL, (25a)
v >0 VleL, (25b)
TG
Ive |l < ( G, + %wC) vk
sg
Vk e L,-\{0}Vl € L. (25¢)
T
where vik = {{ G“"Tc““vm}meg, \/U?TC@]{|

c-update: From {vj}c, obtained from Ilg, we get the
values of {p}}ser using pj = (v})?. We now move back to
the optimization in IT5 or equivalently Il and update c using
Iy, after fixing p, = p;, V£ € L. The optimization for the
c-update step is equivalent to a water-filling problem under a
spectral mask constraint, with {{cgm, }me c, Yeer assuming
the role of the powers. With {ps}sc. fixed, the objective
function is concave in {{¢pm }me c, }eer, and the constraints
are linear in {{sz}mege_ teer. The solution to ITg can be
obtained [20] by dualizing only the sum constraint (28b) in a
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manner similar to classical water-filling, and the end result is
given by

1
1 1
Coo = [—*——] Nlerl (26)
:u’é 7@0 0
. 1 ()
Com = |~ — 7vm€£g—,V€€[,

27)

where ['y,,, and v, are defined in (8) and (3) respectively, and
; can be found using bisection to ensure that >

* —
meﬁe, Com =
min (1,3 min (F‘ZJ 1)

» 2umeL, \{0} T +) )

Condition for near-binary cancellation coefficients: In
order to simplify the analysis of BPPC-IC problem II;,
the binary constraints on the cancellation coefficients were
replaced with interval constraints. However it can be

Yem _ Yeo

THyeme 1+(1—s)m) = T <

maXger, \{0} Lo, € € [0,6up] s
T <Tyk

Dy
shown that for RG]
ryex, where I'f'®* =

\/1+’W0 V ’Y/m
Eup = l(\/(l + ’Y(o) ’Y(m) 1+W0+ wl and g)\(g) =
D{ £ € . . . . .
- P + 517“/0 , it is possible to obtain near-binary

cancellatlon coefficients as solution to IIy (proof - see Ap-
pendix II).

IIo
maxz Dy Z log [ 1 —I— Geepecom 5
T Goxpr + 0}
L
st. com €10,1] VmeL,- VLeL, (28a)
> am<1 WeL, (28b)
meL,
1

con < = G Yk € Lo- V0 E L.

1 L
T G ik, j—1 Geipj+ 07

(28¢)

Algorithm 2: Extended WMMSE algorithm to solve BPPC-
IC

1) Initialization - For each time slot ¢, calculate the

differentlal backlogs, reset iteration counter n =1, and

setvg =P, Y € L, ")—1 —OVmE
Lo-,Vle L.
2) repeat

3) u-update - using (22)

4) w-update - using (23)

5) v-update - Solve IIg to obtain the updated {py}ocr.

6) c-update - Solve IIg to obtain the updated
{{Cém}meﬂe, }E€£~

7) n=n+l

8) until | log(wgzl)) log(wezl 1))| <eVme L,-,V e L.

In the WMMSE framework, we increase the problem dimen-
sion by introducing auxiliary variables u and w to break
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Fig. 2. Tllustration of a sample network topology

II, into a sequence of simpler conditional problems, each of
which either has a closed-form solution or can be formulated
as a simple convex optimization problem. This reduces the
complexity of the extended WMMSE algorithm as compared
to successive approximation. Moreover, using successive ap-
proximation we have to solve a series of approximations of
II,, whereas the extended WMMSE algorithm directly aims
for the solution of II», even though the global optimum
cannot be guaranteed due to NP-hardness. The complexity
per cycle of updates for the Extended WMMSE algorithm is
dominated by v-update and c-update steps. The optimization
for the v-update involves a quadratic objective with second-
order cone constraints and its worst-case complexity [26] is
O (L*), where L = |£|. On the other hand, the worst case
complexity for the c-update [20] is O (LQ).

Both the successive approximation BPPC-IC and the Ex-
tended WMMSE algorithm converge monotonically in terms
of their objective function. The objective function of the
Extended WMMSE formulation II5 for the relaxed problem
is convex with respect to each block of variables, and differ-
entiable. Furthermore, the constraints associated to each block
of variables are convex. Hence, the block coordinate descent
algorithm converges to a stationary point of the optimization
problem Il which in turn is a stationary point of Il [29].

V. SIMULATION RESULTS

In this section, simulation results will be presented for
the BPPC-IC problem solved approximately using successive
approximation, and the extended WMMSE algorithm. The
BPPC-IC policy is compared with BPPC [13] and BPPC-
RIC2 policies (IV-A2). The comparison is based on maximum
stable throughput, and source and relay node backlogs. The
simulation parameters are specified in Table I.

The channel is assumed to have only propagation path loss.
If dyy. is the distance between Rx of link ¢ and Tx of link & and
Gy the corresponding channel gain, then Gy = (dgr)™ @
where « is the path loss exponent. A deterministic and periodic
input traffic of A packets per slot into the source node is
assumed for simulation.

Fig. 2 illustrates sample 4-node and 5-node network topolo-
gies used for simulation. The nodes are denoted by solid
circles and the solid lines denote the bidirectional link between
node pairs. The throughput, source and relay node backlogs
have been plotted in Figs. 3-5 for N =5, A = 11 packets per slot
and T' = 30 dB. The source and relay node backlogs increase
with time for the BPPC policy, whereas they remain bounded
for BPPC-IC and BPPC-RIC2 policies. This highlights the
ability of interference cancellation to stabilize the network and

3491

@ @ &
8 &

n
R

Source backlog
@

Avg. backlog of relay nodes
= 53

ey

0 10 20 30 4 5 60 70 8 9% 100
Time slot

S

20 40 60 80 100
time slot

ok Average
Throughput

Throughput

0 70 20 80 40 i 50 60
Time slot

Fig. 3. Performance of BPPC for a 5-node wireless network with A = 11

TABLE 1
SIMULATION PARAMETERS

Symbol Description Value
N Number of nodes 4175
P Max. power per link SW
o2 Noise variance 02w

Gsg Spreading / beamforming / coding gain 128
T SINR threshold for decoding 10-30dB
€ Tolerance parameter 0.1
« Path loss exponent 4

handle more traffic, thereby increasing its maximum stable
throughput. Furthermore, the average source node backlogs
for BPPC-IC are lesser than for BPPC-RIC2.

For BPPC-IC and BPPC-RIC2, when interference cancel-
lation is (de-)activated on a link, it results in a significant
change in the SINR (and capacity) of that link. Since the
BPPC-IC problem is solved in each transmission scheduling
round, and the interference cancellation activation pattern is
generally different from one round to the next (as it takes into
account queue backlogs that vary dynamically), these changes
imply a higher variation in instantaneous throughput compared
to BPPC.

Figs. 6-7 highlight the stabilization property of the BPPC-
IC policy. The simulation for N = 4, A = 9 packets per slot,
T = 30 dB and an overall duration of 50 time slots is shown
in Fig. 6. The network uses the BPPC policy for the first 25
slots and switches to the BPPC-IC policy for the next 25 slots.
When the BPPC policy is used, the network is unstable and the
node backlogs increase with time. However, the introduction
of the BPPC-IC policy stabilizes the network and bounds
the backlogs at source and relay nodes. It is also noteworthy
that the average throughput also increases once the BPPC-IC
policy is employed.

Fig. 7 compares the BPPC-IC and BPPC-RIC2 policies
in terms of their ability to stabilize a network. Here we
simulate a 5-node network with A = 12 packets per slot
and 7" = 30 dB for 100 time slots. For the first 50 slots,
the network uses the BPPC policy, which is followed by the
BPPC-IC policy in one case and the BPPC-RIC2 policy in
the other, for the subsequent 50 time slots. The variation of
source node backlogs with time is plotted in Fig. 7. Even
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Fig. 5. Performance of BPPC-RIC2 policy for a 5-node wireless network

with A = 11 and T = 30dB

though both BPPC-IC and BPPC-RIC2 stabilize the network,
the average source node backlog for BPPC-RIC2 is higher
than that for BPPC-IC, indicating higher congestion (and thus
higher average delay, by Little’s Theorem) when the former
is employed.

The maximum stable throughput is compared for various
policies in Table II. It can be observed that there is a significant
increase in the maximum stable throughput (up to 42.8%
for the 4-node network, and 75% for the 5-node network)
when interference cancellation is employed. Notice that the
% increase in maximum stable throughput is higher for the
larger network, so higher gains can be envisioned for larger
networks, albeit this comes at the cost of higher complexity
of solving the BPPC-IC problem.

Fig. 8 compares the source node backlogs of the BPPC-IC
and BPPC-RIC?2 policies for N=5, A = 14 packets per slot and
T =20 dB. It is clear that the average source node backlog
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is higher for the network using the BPPC-RIC2 policy. Also,
it can be seen from the figure that the source node backlog
increases with time for the BPPC-RIC2 policy, whereas it
remains bounded for the BPPC-IC policy.

Fig. 9 compares the approximate solutions of the BPPC-
IC problem obtained from the extended WMMSE algorithm
and the successive approximation algorithm. First, a problem
instance of the BPPC-IC problem is simulated for N = 5,
A = 11 packets per slot and 7' = 10 dB using both algorithms.
The throughput obtained from the simulation mentioned above
for the extended WMMSE algorithm and the successive ap-
proximation algorithm is plotted on top. Even though the
values for each time slot are different, the average throughput
is almost the same in both cases. The bottom plot in Fig.
9 compares the simulation time for solving 100 BPPC-IC
problem instantiations, using extended WMMSE and succes-
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TABLE II
MAXIMUM STABLE THROUGHPUT COMPARISON (1" = 30dB)

IC policy 4-node network | 5-node network
BPPC 7 8
BPPC-RIC2 9 12
BPPC-IC 10 14

Throughput

! —— Actual Throughput (WMMSE) j
i [ — Avg. Throughput (WMMSE)

4t y S Avg, Throughput(SA)
T -e Actual Throughput (SA)
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Time
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°
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Time x10

Fig. 9. Comparison of throughput performance of BPPC-IC using Successive
approximation and WMMSE algorithm solutions for BPPC-IC problem with
N =5and A =11 with T" = 10dB

sive approximation. It is clear that the extended WMMSE
algorithm takes significantly less time than its counterpart.

From the plots, it is clear that interference cancellation
enhances the maximum stable throughput and reduces conges-
tion (and therefore average delay) in the network. Furthermore,
among the two different IC policies considered, BPPC-IC
has higher maximum stable throughput and smaller average
backlogs / delay than the BPPC-RIC2 policy.

VI. CONCLUSIONS

Interference cancellation is a well-appreciated tool in the
context of multiuser detection at the physical layer, and in
multiuser information theory. The starting point and premise
of this paper is that interference cancellation can be equally
valuable at the network layer: when judiciously combined with
power control it can boost throughput and reduce delay at the
network layer. This can be accomplished by extending the
back-pressure power control framework to explicitly account
for interference cancelation. The joint BPPC-IC problem is
NP-hard, but two approximations were developed, based on
successive geometric programming approximation, and an
extended weighted minimum mean squared error (WMMSE)
reformulation. The latter is typically much faster than the
former, and the two usually yield similar throughput and delay
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performance. The pointwise solutions can differ though, and
sometimes one comes out better than the other; there is no
clear winner in terms of throughput / delay performance, but
the extended WMMSE approach will likely prevail due to
reduced complexity.

Beyond the specific approximations and algorithms, how-
ever, the main take-home message is clear: when interference
cancellation is properly combined with power control in
a cross-layer framework, it does yield significant gains in
throughput and average delay (due to reduced backlogs, per
Little’s Theorem [28]) at the network layer. This motivates
the pursuit of simpler engineering solutions that will manage
to reap a good part of the benefit of interference cancellation
at a small fraction of the complexity associated with convex
optimization methods. Another practical issue to be dealt with
is (non-)availability of global channel state information (CSI),
and proper mechanisms for local CSI dissemination.

VII. APPENDIX I
Define
L L
P1 (V: C) = Z Z IOg 1 + Cém’yém)
=1 m#
L L 2
cemGeove
:ZZDZ(t)log 1+ — T
— _1 Gervp?2 + o2
=1 :Z;% Gsg Zkiéﬁn R ¢
L L
= > Do) | > 10g (eom(Uim, com, V) (29)
=1 m=0
m#L

This is the objective function of Il with p, replaced by V2.
The last equality is obtained from (20). Also define

Z Z D((t)(wlm eem(Uem, Com, V) —

el mELl,

Y2(u, w,v,c)

log wem) (30)

Let (u*, w*,v*, c*) be a stationary point of II5. Therefore
from KKT conditions, we have

a (wZ(U*7W*7 V*a C*))

auém (uhn - uzm) < O’
9 (P2 (u”, w*,v*, c"))
awzm (w@m wém) O
Tr (wag(u*,w*,v*,c (x —x* ) 0,vxe S
(€29)
Vm € Ly, V0 € L and x = [vT, vec(c)T]T, S is the
feasible set for IIs.
Using chain rule, we get
a(wQ(u*v"V*ﬂV*vC*)) Z Z 8( Zf )
Dé wgm uc
811@ teLmeL, (9
10(e; 0 v*, c*
=YY Dult) (e Klmd L AT
teLmeL, - ¢ ¢

(32)
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where e}, = ewm(u,,, 5, v*). The second equality is
obtained from (19) and (20). Similarly, we also get

Ol W' v ) _ A (voe)
anm

8C£m
Hence from (31),(32) and (33), we get
Tr (Vs (0", w,v", ) (x = x7) ) =
Tr (vx W1 (v*, e NT (x — x*)) L VxeS (34)

Therefore, if (u*, w*,v* c*) is a stationary point of I, it
follows from (31) and (34) that

Tr (Vx (1 (v™, c*))T (x — X*)) <0,vxeS (35)

which is the optimality condition for II.

VIII. APPENDIX II

In the extended WMMSE algorithm, the Lagrangian for the
optimization problem ITg (28) is

L
Le(c, i, \) = Z Z Dy log (1 + YemCom) —

t=1meL,_

oo £ - E

el meL,_ teL \meL,_\{0}

Aem (Tcom — FZm))

(36)

Here 7y, is the SINR at the receiver of the ¢t link after
canceling out the data from the mt" link and T'p,,, is the SINR
at the receiver of the /! link while decoding the transmission
from mt" link. Note that both Yem, and Iy, are constants,
since we fix p; = pj (obtained from the v-update), V¢ € L, (as
described in the algorithm). In this section, we come up with
conditions for the optimal cancellation coefficients in IIg to be
close to {0, 1}, so that the approximate solution to the interval-
relaxed problem is very close to the original problem (with
binary constraints). From (36), equating the partial derivative
of L.(c, u, ) w.r.t. cop, to zero, we get,

For m =0, D
;=0 (37)
+ Y20Cyq
For m # 0,
Deyem
o PR Mz - /\zmT =0 (38)
1+ vemey,,
Substituting (37) into (38), we get
X Yem, Yeo
Ao I = D — - o 39)
¢ ¢ (1 +Yemey,, 1+ m%)

Case 1:

From (39), we have

* — k —_
co=1-¢1¢, =€<c¢

Yem 7Yeo
- 40
1+vmé 14+(1- E)’ygo) (40)

From the complementary slackness condition for the interfer-
ence cancellation constraints, we get

)‘zmrém = /\;mTczm

oI = Dy (

(41)
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Using the fact that cj,, = € and modifying (40),

D,
th

Nom = (42)

e ¢ 1
= 1 1+740
E —_— PR B £ AN

+ Yem € Yeo

The term inside the bracket is an increasing function of .
Hence, from (40) and (42) and the fact that € < € we get,

Dy
Ay, < —
fm = th

(43)

e i 3
e+ 1 e — 1+7¢0
Yem Yeo

T> Dy ( Yem Yo > (44)
anE) \1+vme 14+ (1 —¢e)vo

_ D( £ g 1
where g,\(s) = Tom [W + W; ] NOW, g)\(E) 1S an
m Y00

. . . d
increasing function of €, when 93—6(5) > 0.

1 1
dg}\(é-) Yem %
e 0= BR > o 5 (45)
(+at) (- (1+55))
1 1
g (1+———) +45<1+L>L—
Yeo o Yem Yeo ) Yem
1 1 1 1
(1+———)(1+—>—<0 (46)
Yeo o Vem Yeo ) Yem

Simplifying the quadratic inequality in (45) and using the fact
that € > 0 and vy, > Y0, it can be shown that

d
gA_(a) >0, Ve €0y, where
de
1 1
= | (D) )
Yeo /) Vem 1+ L 4 1

(47)

Since tm— o +(17f°5m0) increases with decrease in &,
from (44) and (47), it can be seen that the lower bound for T
increases with decreasing ¢ for ¢ € [0, ,p]. Thus

% 1—¢ 1

= 2> - —1|,if
Com 5 €
Dy ( Yem Yeo >
T > — Ve € |0, e,
T @) \1+9me 14+ (1 —¢)vo [0, &)
(48)
Case2: ¢j,=1—¢cjp=E<¢
Define
Ipex = r 49
= g{}ﬁc{o} h (49)
T < Ty

From (49), since T' < I'j***, it is straightforward that the
constraint 1" ¢y, ;legm, will be met with strict inequality
at optimality, as Fe% > 1 and ¢y,,, < 1. Hence, from the
complementary slackness condition, Aj,,, = 0. Thus from (39),
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we get
Yem _ )
L+ vemch,, 1+ veoc
| 1
Com = Clo = Yo Yem

=(1-2)<(1—e—¢)

Gfmpm
Gapr— S Gupj | = tmbm
ng GMPZ Z tkPk Z tPi ng Gllp[

k=1
k#l ¢z m
(50)
Therefore, from (49) and (50), it can be seen that
sz:1—5>1_1 ,
o € €
. Dm G
if |T <) — > (1-2¢)Gs (51)
4 D ( ) g Gém

Thus from (48) and (51), for ¢ € [0,e4p) and

Dy

Yem _ Yeo
gx(e) \ 1+veme 1+(1—-€)ve0 ) —

< T < I''®, it is possible to

obtain near-binary cancellation coefficients as solution to Ilg.
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