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1 Introduction
Wireless network performance can vary significantly based on selection of parameters like trans-
mission rate and power. Current rate selection schemes like AMRR and SampleRate [2] have
shown terrible performance in testbed experiments. It is seen that self-interference causes the rate
adaptation schemes to devolve to the lowest rate, thereby reducing performance.

Moreover, simple rate control schemes do not take power consumption into account. With Wi-
fi increasingly showing up in a majority of mobile devices, reducing power consumption, or atleast
being able to provide some guarantees in terms of battery life, is essential.

This paper looks at theoretical research for ways to maximize performance in mesh networks
with power constrained devices. Specifically, this paper looks at research in Wireless Network
Utility Maximization (WNUM) [5] as a guiding point for implementing a practical rate and power
adaptation scheme for wireless mesh networks.

Implementing WNUM for a practical system requires understanding the assumptions inherent
in the WNUM model and trying to compensate for those assumptions. This paper provides results
on a practical implementation of WNUM for a Wi-Fi system using OFDM signalling.

This paper finds that WNUM, in its current formulation works reasonably, but ends up un-
derselecting rates. It also suggests directions of research for improving the WNUM model for
incorporating practical system concerns.

The rest of this paper is organised as follows: Section 2 introduces the basic WNUM frame-
work. Section 3 outlines the implementation of WNUM created for this paper, along with WNUM
assumptions and some of their practical workarounds. Section 4 shows the experimental methodol-
ogy used to evaluate WNUM. Section 5 presents evaluation results for the WNUM implementation
and section 6 discusses limitations of WNUM and possible future work.

2 The WNUM Model
This section outlines the WNUM framework. Figure 2 shows the system model assumed in
WNUM. The channel scales the transmitted signal by the channel state variable G and adds white
Guassian noise with power N. The channel gains vary over time but are assumed to be stationary
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Figure 1: System Model

and ergodic with distribution p(G). The average power constraint on transmissions is given by S.
The channel state is given by the SNR before adaptation γ = SG. The transmitter transmits at a
rate given by R(S(γ)) and power given by S(γ)

The WNUM framework then solves the following optimization problem:

maxS(γ)≥0 E[U(r)]
s.t.

E[S(γ)] = S
r = R(S(γ))

(1)

where the utility function U(r) is given by:

U(r) =

{
r1−α

1−α α > 0 α 6= 1

ln(r) α = 1
(2)

For MQAM modulation, the solution to the WNUM problem is given by:

R(γ) = αW(θ)
S(γ)

S
= 1

[αW(θ)]αSλ
− 1

Kγ

(3)

where, λ is the Lagrangian multipler for the optimization problem,W corresponds to the Lam-
bertW function and, for a target BER BERo:

K = −1
ln(BERo)

θ =
[−Kγ

Sλ
]
1
α

α

(4)

3 Implementation of WNUM
WNUM is implemented as a practical system using the Click modular router [4]. There are several
aspects of this implementation, which are discussed below.

3.1 WNUM Parameters
The implementation requires setting of α, an online scheme for estimating λ, and a way to calculate
the Lambert-W function. α is set to 0.9, and the Lambert-W function is implemented as a look-
up table in the router code. This paper uses an iterative scheme described in [6] for the online
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computation of λ, with one modification to the iteration to make it adapt to a time varying channel.
[6] uses the following iteration for λ:

λk+1 =

[
λk +

δ

k
(Sk − S)

]
(5)

This estimation puts a lower weight on every successive deviation in power. This iteration works
well for stationary channels, but from a practical viewpoint, wireless channels also vary over time
in distribution. Thus, this paper uses a modified iteration for updating λ:

λk+1 =
[
λk + δ(Sk − S)

]
(6)

This paper uses average power S of 15dBm, 3dB lower than the maximum power level of 18dBm.

3.2 Channel Feedback
For channel estimate feedback, this paper assumes a symmetric wireless channel, i.e. the channel
from the transmitter to the receiver has similar gain as the channel from the receiver to the trans-
mitter. Thus the SNR of the acknowledgement packets are used as delayed feedback for channel
estimation. Each wireless node maintains a hash table of all its neighbors with channel estimates
for each neighbor, and this estimate gets updated on every received acknowledgement. Moreover,
their is no feedback received when the packet transmission fails. In such a case, an channel gain
of 0 is put in as the estimate.

Wi-Fi Rate QAM rate (bits/symbol/subcarrier) Coding rate
6 Mbps 1 1/2
9 Mbps 1 3/4
12 Mbps 2 1/2
18 Mbps 2 3/4
24 Mbps 4 1/2
36 Mbps 4 3/4
48 Mbps 6 2/3
54 Mbps 6 3/4

Table 1: 802.11g transmission rates with their corresponding QAM rates and coding rates

3.3 Quantized Rates
Wi-Fi systems use discrete rates for transmission, while WNUM assumes rates picked from a
continuous space. 802.11g uses OFDM signaling over 52 subchannels, 48 of which are used for
data. Table 1 shows the QAM rate, or rate per subchannel associated with each Wi-Fi rate.

The implementation conservatively picks the highest rate lower than the rate obtained from
each iteration to set the rate and power for the next transmission. The quantization of rate also
means that the power calculation of WNUM needs to change. Once we have calculated the rate to
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be transmitted, we calculate the minimum power that can support that rate for the given channel
state and use that power to transmit the packet.

Further, if the rate obtained from WNUM is less than the lowest rate, the packet is transmitted
using the lowest transmission rate (6 Mbps). Power is capped off at the highest transmission
power (18dBm).

3.4 Coding Gain
802.11g also uses 1/2 rate coding to increase the robustness of its signaling. Further, puncturing is
used in some cases to then increase the data rate by achieving effective code rates of 2/3 and 3/4.
Table 1 shows the coding rates corresponding to each rate in 802.11g.

From a BER point of view, coding essentially represents an SNR gain. To incorporate this,
this implementation modifies the feedback from the channel by adding a coding gain to it before
running the WNUM iteration. The same coding gain is then subtracted from the final power level
coming out of the WNUM model for deciding the power level of each transmission.

The coding gain value is different for different coding rates, the WNUM iteration runs inde-
pendently for the 3 coding rates and independently calculates the rate and power corresponding to
that coding rate. The router then picks the highest rate of the three calculated rates and transmits
at the power corresponding to that rate.

The coding gains used in this paper are 8dB for 1/2 rate codes, 6dB for 2/3 rate codes, and 5dB
for 3/4 rate codes and are based on the approximate difference between theoretical performance
without coding and the performance with coding as shown in [7].

4 Evaluation Methodology
This paper uses the ns2 simulator [1] with Click for evaluating the WNUM implementation. The
evaluation uses Srcr [3] as the routing protocol for forming routes. Routing packets are unaffected
by WNUM and are sent at max power (18dBm) and lowest rate (6Mbps). This paper uses a
Rayleigh model, with 2-ray path loss for modeling the wireless channel in ns2.

Unfortunately, experimental runs on ns2 kept crashing whenever a multihop topology was run
using Srcr on the Click router. This happened irrespective of whether the WNUM code was in-
cluded or not. Thus, the evaluation of WNUM had to be restricted to a single hop, 2 node topology
and this paper only presents results for this topology. Evaluating WNUM for more nodes with a
multi-hop topology would require fixing the cause of the crash in ns2, or using real hardware to
download and run WNUM code, both of which were infeasible for this paper, but are topics of
future work.

To evaluate WNUM, this paper compares it with fixed rate transmissions at fixed power set to
S, for different distances between the two nodes and all different 802.11g rates. Each ns2 run sim-
ulates 5 minutes of setup time to allow for route formation, although with a 2 node topology, this
time is excessive. This is followed by a 1 minute period of data transmissions with the transmitter
sending packets as fast as possible.
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Figure 2: Throughput and Packet reception ratio for different fixed rates with fixed power (15dBm)
over different distances between the 2 nodes

5 Simulation Results
This section presents the results for ns2 simulations with WNUM implemented on a Click router.

5.1 Fixed Rates
Figure 2 first shows results with using different fixed rates with a fixed power equal to S. The figure
shows that rates higher than 18Mbps are useful only at very small distances. This observation can
in part be attributed to the conservative 2-ray path loss model. 9Mbps and 12Mbps show similar
packet reception ratio over all distances, which clearly means that it is always better to use 12Mbps
than 9Mbps, the higher coding gain in 12Mbps compensates for the higher QAM rate used.
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Figure 3: Comparison of Throughput and Packet reception ratio for the best case fixed rate with
fixed power (15dBm) vs the WNUM implementation over different distances between the 2 nodes

5



15.00

15.75

16.50

17.25

18.00

10 20 30 40 50 60 70 80 90 100

A
ve

ra
ge

 P
ow

er
 (d

B
m

)

Distance (m)

Figure 4: Per packet average transmission power using WNUM

5.2 WNUM performance
Figure 3 shows throughput and packet reception ratio results with using WNUM compared with
the maximum throughput and packet reception ratio achieved using a fixed rate and power for each
distance. WNUM performs worse than the best rate for a given distance in terms of throughput
for distances less than 40 metres. It turns out that this occurs because WNUM frequently tends
to be too conservative in the rate selected. Beyond 40 metres, WNUM performs better than the
best rate for that distance. From the per rate plots in Figure 2(a), it is evident that 6Mbps is the
best performing rate beyond a distance of 40 metres. It is strange that WNUM tends to underselect
rates, but still beats the lowest rate in performance for longer distances.

To explain this observation, Figure 4 shows the per packet average transmission power for
WNUM. WNUM uses exactly S, 15dBm, for small distances, but its power consumption increases
as distances exceed 40 metres. Thus, WNUM uses more power at the lowest rate to get data across
over larger distances, thus outperforming the best fixed rate scheme for larger distances. This is an
unfair comparison as the fixed rate schemes also use fixed power with all transmissions at 15dBm,
giving WNUM a power advantage.

WNUM exceeding the average power constraint is a result of the rate quantization for the im-
plementation. The implementation picks the smallest rate when the rate from WNUM is lower than
the smallest rate, and then picks the transmission power corresponding to that rate. If this trans-
mission power is consistently higher than the average power constraint, then the average power
constraint can get violated.

From a practical point of view, WNUM exceeding the average power constraint for some situ-
ations might be a good thing as this allows WNUM to get reasonable throughput even across very
bad links, while maintaining a good balance between throughput and power for reasonably good
links.

The results in this section show that an optimally picked fixed rate scheme works better than
WNUM when there is a delay in feedback and the channel is iid. This result is as would be
expected for any adaptive modulation scheme. The iid nature of the wireless model makes a recent
but delayed sample of the channel be only as useful as any other sample of the channel. Wireless
channels in practice have non-zero time correlation, thus making delayed samples more reasonable
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estimates of current channel state as compared to an iid channel. Thus, it is expected that WNUM
may perform better when evaluated on a real wireless channel.

6 Discussion and Future Work
While this paper has shown the feasibility of implementing WNUM for an actual system, it also
poses several challenges from a practical point of view.

The WNUM framework assumes that a node is continuously transmitting at its selected rate
and power, while getting continuous feedback on channel state. This view of power is different
from an actual system where data is packetized and the relevant measure is not just power, but
energy consumed per packet. Higher rates transmit for a shorter time for the same packet length.
Thus, it is possible that the per packet energy is lower for a higher rate, while the corresponding
power value may be higher. Incorporating per packet energy might be an important extension to
the WNUM framework.

As results show, WNUM often tends to pick rates very conservatively. This effect can be due
to the BER to SNR model, which is based on a Gaussian channel assumption. A possible way to
fix this would be to use actual trace data to decide the mapping between target BER values and
their corresponding SNRs, and then modifying WNUM accordingly.

This paper uses many heuristics in trying to implement WNUM for an actual system. Evalu-
ating those heuristics is important to improve this implementation. As an example, the implemen-
tation makes the decision of transmitting at the lowest rate when the rate decided by WNUM is
lower than the lowest rate. This also leads to violation of the average power constraint when the
channel is consistently bad. An alternative approach may be to not transmit at all in such a case
and then transmit when either the channel has improved or when enough timeslots have passed so
as to allow one high power transmission. This approach would always meet the average power
constraint at the expense of lowering the achieved throughput.

Another heuristic to evaluate would be the compensation of coding gains. Since each coding
rate requires a separate instance of WNUM iterations, this heuristic might become unweildy when
there are more coding rates available. Incorporating coding gain as part of the WNUM framework
would eliminate the need of this heuristic. [6] uses a WNUM model with coding rates incorporated
in the data stack, but that model is not directly applicable to actual systems.

Although this paper has presented WNUM results for a single hop topology in ns2, the im-
plementation in this paper is done using the Click router with the Srcr multihop routing protocol
running on the routing layer. Thus, this implementation can directly be used for actual hardware
in a real multihop wireless testbed. Doing such an evaluation is beyond the scope of this paper, but
will be carried out as future work.
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