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1 Introduction

The communication channels in a wireless network (e.g. cellular networks, mobile ad hoc networks or
sensor networks) are inherently time varying. This can be due to a variety of reasons including user
mobility, wireless fading, environmental conditions etc. This feature of the underlying channel affets
the decisions of power allocation, scheduling and routing, fundamental to the network’s operation.
To maximize the performance of the network, it is necessary to take this feature into account while
making the above decisions.

In this report, we study the dymanic control schemes proposed in [1], [2] that use backlog and
channel state information to make joint decisions about routing and power control in time varying
wireless networks. In section 2, we consider a simple “multiple source - single sink” sensor network
where the channel states vary every time slot according to a Bernoulli process. Using simultions, we
compare the performance of the DRPC scheme proposed in [1] with a fixed shortest path routing
scheme on this simple topology. We argue that backlog and channel aware schemes perform much
better than static shortest path based schemes. Further, performance of DRPC can be improved at
low data rates by taking into account path lengths while calculating backpressure. We then consider
a more general scenario where transmitting nodes can cause interference at other nodes.

In [2], an energy optimal control strategy EEPC is proposed for time varying wireless networks.
This scheme also uses backlog and channel state information to make routing and power control
decisions. The scheme is shown to approach the minimum power at the cost of a linear increase in
average delay. In section 3, we propose a modification to EEPC that results in a sublinear increase
in delay. We analyze the performance of this modified scheme using a cubic Lyapunov function and

simulate the modified scheme on a simple cell partitioned sensor network topology.



Figure 1: A simple multiple source single sink topology

2 A Comparison between DRPC and Shortest Path Routing

In this section, we compare DRPC/EDRPC with a static shortest path based routing scheme. We
use a simple cell partitioned network of multiple sources and single sink. The simulation results show

that backlog and channel state aware schemes perform much better than static schemes.

2.1 Simulation Model

We consider a simple “multiple source single sink” static sensor network of 100 nodes as shown in
figure 1. The nodes are assumed to form a cell partioned structure with one node in each cell. Each
node can communicate with neighboring nodes on its North, South, East and West. We assume that
each node can transmit to at most one of its neighbors at a time, though a node can receive from
multiple nodes. This is possible if neighboring nodes use orthogonal frequency bands. We further
assume that a node’s transmission doesn’t cause interference at other nodes.

The sink is located at the center of the network (shown as a circle in figure 1) and has four
neighbors. Each node generates data according to a Poisson process with rate A and this is routed to
the sink over multiple hops.

We assume that the channel states of each link vary according to an ON/OFF process every time
slot independently. Both states are equally likely. A node can transmit over a link only when the
channel state for that link is ON. Furthermore, nodes are assumed to have a fixed transmission power
Pyrax. The data rate achievable over a link is then taken as BWlog(1 + aPyax) where « is the
attenuation over that link, being 0 for OFF state and 1 for ON state and BW is the bandwidth of the
link.

In this setup, it can be seen that the nodes that are immediate neighbors of the sink form the
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Figure 2: Average Queue Occupancies for DRPC, EDRPC and Shortest Path Routing for same

bottleneck link capacities

bottleneck for the network throughput. This is because these nodes have to carry all the traffic
generated by all the nodes in the network. Specifically, if all nodes transmit at an average rate A,

then for network stability, we require A < BWt“%loogggiM 4x) where BW,oia is the total bandwidth

available to the bottleneck nodes.

2.2 Simulation Results

We simulated the DRPC and EDRPC schemes on the setup described above. In the first simulation,
all the bottleneck links have same bandwidth. Fig 2 compares the performance (in terms of average
queue occupancies) of DRPC and EDRPC with a static shortest path based scheme where a node
always forwards data to its parent node in the shortest path tree rooted at the sink for this setup. It
is seen that while DRPC outperforms shortest path routing at high data rates, all schemes achieve the
capacity. At low data rates, backlog based decisions are likey to lead to false turns, which degrades
the performace of DRPC. By incorporating path lengths into the backpressure calculation, EDRPC
improves upon the performance of DRPC at low data rates while maintaining the advantages of
backlog aware schemes at high data rates.

Next we consider the scenario where the bandwidths of two of the bottleneck nodes are doubled.
Now the capacity region has increased and while DRPC/EDRPC achieve it, shortest path based
scheme is unable to do so (see fig 3).

Finally we consider a similar multiple source single sink network, but now a node’s transmission
causes interference at other nodes. In this scenario, the optimization problem of DRPC (see [1]) be-

comes nonlinear, non-convex and difficult to solve. We therefore use an approximation based approach
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Figure 3: Average Queue Occupancies for DRPC, EDRPC and Shortest Path Routing for different

bottleneck link capacities
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Figure 4: Average Queue Occupancies for DRPC, EDRPC and Shortest Path Routing when nodes

cause interfernce

where each node randomly decides to transmit at full power at the beginning of each slot with prob-
ability 1/2. We now simulate the DRPC/EDRPC and shortest path based scheme on this network
and fig 4 compares their performance. It is seen that the backlog aware schemes perform much better
than shortest path routing. In fact, DRPC/EDRPC are seen to support much higher data rates than

shortest path routing.

3 A Modified Energy Efficient Power Control Scheme

In this section we present a modified Energy Efficient Power Control scheme (EEPC, see [2]) that
offers performance gains over EEPC in terms of average delay. The modified scheme for a single hop

network can be summarized as follows.



Every timeslot, observe the current queue backlog U (t) and channel state S (t) and allocate a power
vector P(t) = (Py, ..., P,) according to the following optimization:

Maximize: 3 [3UZ(t) (P, Si(t)) — V P

Subject to: IIS(t) =(Py,..,P)ell

where 11 is a compact set of acceptable power vectors

In order to obtain performance bounds for the modified scheme, we use a cubic Lyapunov function.

We present the analysis for a single hop network having L links in the next section.

3.1 Analysis using Cubic Lyapunov function for Single Hop Networks

Let A;(t) represent the of number of new bits arriving at link [ at the beginning of slot ¢. Let the L-
dimensional power allocation and channel state vectors be f’l(t) and 5‘}(15). The dynamics of unfinished

work Uj(t) of the network can be expressed as follows:
U(t +1) < maz [0(2) ~ (P (1), §(1),0] + A(1) M

Now we define a Lyapunov function L(U(t)) = SJ[U;(¢)]3. Taking cubes of both sides of the
l
dynamics equation, we get at a link [:

U (t+1) — UP(t) < =3UE(t)d + 3Ui(t)07 + (K; — 87 + A} + 3A,37)

where
p(Pr(t), Si(t)) — Au(t)
m(B(t), S (t))
min ([U, Bi) forUi(t) >
Since U (t) > 0, it can be shown that K; = —37. Summing over all links, we have:

> (Ulg(t +1) — Uz?’(t)) < =33 U (i — A) +3) Uil — A+ (Kz — B+ A} + 3Alﬁl2) (2)
]

1 1 [
Taking conditional expectation:
AT (1) = BIL(O(t + 1) — LT @) ()

< —3%:U12E((m—Az)lﬁ(t))+3ZUz (e — AU (1) + CL

S UZEGalU(0) ~ M + 3 UR(EGulT(®) - M2 + o] + CL
where
O A?nax 2/37?)1’1,[1% + 3Amawﬁ1?nam
of = El(u — A — (E[u — N)?
Now using a procedure similar to the one used in [2], we add and subtract the term V'Y~ E[P,(t) ][7 (t)]

7

and by a simple manipulation, obtain the following



AU () <
CL=V X E[R@IT ()] +32 UPN + 3T U (B(ulU(1) = N)° + of]

- B (SBUOm(R(),S0) - VR@IT)

By maximizing the last term in the above expression over all possible power allocation strategies,
the cubic Lyapunov drift for the modified EEPC scheme can be expressed in terms of the drift of the
stationary randomized power allocation strategy that chooses power independent of queue backlog.
We get

A(U(t) < CL=V X E[R()[U(1)] + 35 URN + 3% UA() — (Z[3U12(t)(>\z +e) - VPm,(eﬂ)

where l l l l

El(ulT(6)) = M)? + 7] < ()

Taking expectations over the distribution of U (t) gives:

B{L(U(t+1)) - LT()}

< CL=3(c =€) S E(UF) +V Puu(e) = V 5 E(R(1)

Thus using lemma 1 from | the time average unfinished work satisfies:

Z Ul < ’E Z Ul / CL2+VLP¢“J(E

and tlme average power satlsﬁes

E{; B} < Pule) + CLIV

3.2 Simulation Results

We compare the performance of the EEPC scheme with the modified EEPC scheme using the same
multiple source single sink sensor network model described earlier. We choose data rates A such that
they lie in the capacity region on the network. Fig 5 a shows the average queue lengths for EEPC
and modified EEPC schemes for different values of the control parameter V. It can be seen that the
average queue lengths for modified scheme grow slower than EEPC with incresing values of V.

Fig 6 shows the average power spent for EEPC and modified EEPC schemes for different values
of V. The average power approaches the minimum power with increasing values of V' for both the
schemes, though more quickly for EEPC.

Fig 7 compares average delay and power for both the schemes. While the modified scheme shows
some improvement in average delay over a range of average power values, it essentially increases similar
to the original scheme as the average power goes to the optimal value. This raises interesting questions
related to fundamental energy-delay tradeoffs in wireless networks. Specifically, is the energy-delay

tradeoff for the original scheme the best one could do? We would like to investigate this issue in the
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Figure 5: Average queue length for EEPC and modified EEPC scheme
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Figure 6: Average power spent in EKPC and modified EEPC scheme

future.

4 Conclusions and Future Work

In this study, we showed using simulations that backlog and channel state aware schemes like DRPC/EDRPC
are an attractive choice for wireless networks as these scheme achieve network capacity and outperform

traditional shortest path based schemes. We plan to demonstrate this on real experimental test beds

as part of future work.
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