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Abstract— Simulation is an efficient and powerful tool for
studying wireless networking. The lack of physical layer (PHY)
accuracy in many popular network simulators such as ns-2
and OPNET has been observed to produce misleading results.
In this paper, we demonstrate a technique for validating the
packet-level PHY models in network simulators against the
physical layer of a software-defined radio testbed. Specifically,
we evaluate the accuracy of model-based simulations against
hybrid (i.e., joint packet and waveform) simulations of the real
PHY implementation directly executing in a simulation envi-
ronment. We demonstrate that this direct-execution approach
is an effective means of evaluating the accuracy of packet-level
PHY models from the perspectives of different protocol layers
using a broad set of operating conditions. Moreover, this is an
effective means of establishing when a packet-level PHY model
can be used to generate trustworthy simulation results.

Index Terms— wireless network simulation; model validation;
direct-execution simulation

I. INTRODUCTION

Simulation is an important tool in studying wireless
networks. In particular, it is widely used in the study of
IEEE 802.11-style networks, such as WLAN, mesh, and
ad hoc networks. The performance of wireless networks is
profoundly influenced by the behavior of the physical layer
(PHY) and the characteristics of the wireless environment.
A lack of physical layer accuracy, however, in many popular
network simulators such as ns-2 [2] and OPNET [3] has been
shown to lead to incorrect conlusions [4], [S]. This motivates
our work, which focuses on validating the PHY models used
in network simulators as this is critical for establishing trust
in the accuracy of results dervied from simulations [6], [7].

Conventional approaches for physical layer model vali-
dation involve comparing model-based simulations against
measurements taken from a real-world testbed. This method-
ology can be limited by the difficulty in controlling and
reproducing experiments in real wireless environments [8],
as well as the difficulty in verifying the consistency between
a simulated system and a real-world deployment.

In this paper, we present an alternative approach for
physical layer model validation using a software-defined
radio (SDR) testbed. Specifically, we directly execute the
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PHY implementation from an operational SDR testbed in
a simulation environment to enable highly accurate hybrid
(i.e., joint packet-level and waveform-level) simulations, thus
creating a benchmark for evaluating the accuracy of packet-
level PHY models. This direct-execution approach allows
for fair side-by-side comparisons between a PHY model and
a real implementation using the exact same communication
protocols, traffic patterns, and wireless channels.

We use this direct-execution approach to evaluate the
accuracy of the leading OFDM PHY model used to simulate
802.11-style networks in state-of-the-art network simulators,
such as ns-3 [9], [10]. First, we use direct-execution to
characterize link-level behavior of the PHY under a variety
of wireless conditions. We show that, from the perspective
of the physical layer, the model is accurate under a limited
set of operating conditions and can produce incorrect results
in more realistic wireless conditions.

Next, we study the operation of a rate adaptive MAC
protocol under various wireless conditions and use direct-
execution to evaluate the accuracy of the PHY model from
the perspective of the MAC layer. We use our link-level
characterization of the PHY to modify the policies of the
protocol so that it operates “correctly” in a realistic wireless
channel. In doing so, we also cause the PHY to operate in a
regime where the model is more accurate and can therefore
be used to generate trustworthy simulation results.

Our main goal in this paper is to demonstrate how direct-
execution is an effective means of evaluating the accuracy of
packet-level PHY models from the perspectives of different
protocol layers. Further, this approach allows us to consider
a broad set of wireless conditions to establish when model-
based simulations will generate trustworthy results.

The remainder of the paper is organized as follows.
Section II provides additional motivation and details of our
direct-execution methodology. In Sections IIl and IV, we
introduce the tools that form the foundation for the specific
implementation of our approach. Section V presents results
that characterize the link-level behavior of the physical layer.
Then in Section VI we investigate model accuracy in terms
of its impact on a rate adaptive MAC protocol. Finally, we
conclude with a discussion of related works and a summary
of our results in Sections VII and VIIL
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Fig. 1: Different approaches to validation.

II. METHODOLOGY

The physical layer models used in network simulators
are responsible for simulating the packet reception behavior
of a real implementation. This behavior can vary from one
implementation to the next. As such, we must consider what
it means when we attempt to answer the question: is my
model valid? Here, we discuss the goals of physical layer
model validation, conventional approaches to validation, and
more about our direct-execution approach.

A. Role of Validation

The goal of validation is to establish that a model is
a sufficiently accurate representation of a real system for
its intended application [11]. In the context of packet-level
PHY models, validation should establish that a model is an
accurate representation of a specific implementation in a spe-
cific wireless scenario. Because of the intricate and complex
interactions between the PHY, wireless channel, and higher-
layer protocols, a specific validation effort cannot always be
used to establish accuracy in a broader context. Simulation
users, however, use PHY models to study many diverse
wireless scenarios, often relying on external validation efforts
to establish the accuracy of their results.

In practice, model validation should be used to address
questions about accuracy as they relate to the concerns of an
individual simulation user. That is, for a particular network
scenario, a model user will be concerned with whether or
not their simulations have produced trustworthy results about
performance measurements at a particular protocol layer.

We believe that model validation should be considered in
the investigative process for all simulation users. Effective
model validation should provide the flexibility to consider the
accuracy of a PHY model from the perspectives of different
protocol layers and under a variety of wireless conditions.
Our direct-execution approach provides an efficient means
of evaluating the accuracy of PHY models in this manner.

B. Conventional Approaches to PHY Validation

The most common approach to validating the physical
layer model of a network simulator is to compare model-
based simulations against measurements taken from a testbed
or emulator. The perspectives used in these kinds of vali-
dation studies can vary. For example, Bredel and Bergner
compared MAC performance and fairness metrics from

OMNet++ simulations against measurements taken from
a wireless LAN testbed in order to validate the wireless
models in the simulator [12]. One of the drawbacks of this
approach is the difficulty in deploying and reliably generating
repeatable results in real-world testbeds [8].

Borries, et al. compared the packet reception model in
ns-2 against the behavior of a commercial WiFi card using
a real-time emulation platform (CMU Network Emulator);
studying model accuracy from the perspective of the physical
layer [13]. This approach provides a reliable way of gener-
ating repeatable experimental results and a mechanism for
looking at different wireless channel conditions. One of the
drawbacks of this emulation approach (and testbeds) is that
the higher-layer protocols used in real hardware may not be
consistent with those in the simulated system. This makes
it more difficult to reasonably assert the validity of a PHY
model from the perspective of a higher-layer protocol.

Many different examples of these approaches exist in the
literature [5], [7], [14], [15]. Figure 1 illustrates the main
operational differences between these approaches and our
direct-execution approach.

C. Direct-Execution

This paper presents an alternative approach for validation
that utilizes direct-execution of the physical layer imple-
mentation from an operational SDR testbed. By replacing
this one part of the simulated wireless system, we enable
highly accurate simulations that establish a benchmark for
evaluating the accuracy of packet-level PHY models. This
approach allows us to compare the behavior of model-based
simulations against that of a real implementation, using the
exact same implementations of all other parts of the wireless
system (e.g., wireless channels, topology, traffic sources,
and communication protocols). In this way, direct-execution
provides a fair apples-to-apples comparison between the
model and a real physical layer implementation.

We use this direct-execution approach to answer two
validation questions about the PHY model in our simulator:
(1) how does my PHY model differ from a real system?
and (ii) how does this impact the accuracy of my network
simulations? Our goal is to demonstrate that direct-execution
is an effective means of studying model accuracy from the
perspectives of different protocol layers using a broad set of
wireless conditions, thereby answering these questions.

III. A SOFTWARE-DEFINED RADIO TESTBED

The physical layer implementation for our direct-execution
approach comes from an operational SDR testbed called
Hydra. This testbed features a completely software-defined
protocol stack; PHY, MAC, and routing protocols are im-
plemented entirely in software running on a general purpose
processor. Each Hydra node consists of a laptop connected
to a flexible RF front end. This unique testbed was designed
as a flexible platform for rapidly prototyping new wireless



algorithms and protocols [16]. In particular, we used Hydra
as a tool for studying cross-layer issues in wireless networks.
The testbed has been used extensively for prototyping and
experimenting in practical real-world settings [17]-[20].

A. Details of the Physical Layer

The physical layer of Hydra implements the PHY speci-
fication of IEEE 802.11n [1]. Since the PHY model in our
network simulator is intended to represent the physical layer
of a single-antenna wireless device, we limit our study in
this paper to the single-antenna, single spatial-stream modes
of IEEE 802.11n. We refer the reader to [1] for details on
the modulation and coding schemes defined by the standard.

We now specify some of the design choices and specific
details of our physical layer implementation. In particular,
these details may help in identifying if the Hydra physical
layer should be used (or how it might be modified) to
represent another implementation. Our PHY performs frame
detection using the Schmidl-Cox algorithm (SCA) [21]. The
PHY also uses the preamble of each frame to do least-squares
(LS) channel estimation. This channel estimate is used for
zero-forcing frequency domain equalization (ZF-FEQ) [22].
The physical layer can also be configured to use hard or
soft-decision Viterbi decoding [23].

B. Real-World Wireless Impariments

There are a variety of wireless impariments that can
adversely impact the performance of the physical layer
of a real system. From our own observations doing real
experiments, we identified that frequency selectivity in the
wireless channel and carrier frequency offset between the
transmitter and receiver significantly impacted Hydra. While
radio impairments such as IQ imbalance and quantization
noise did not significantly impact Hydra, the direct-execution
approach in this paper could also be applied to develop a
better understanding of these and other impairments.

1) Frequency-Selectivity: Transmitted radio signals reflect
and scatter off different objects in the wireless environment.
As a result, multiple delayed and attenuated copies of the
original transmission can arrive at the receiver in such a
way as to cause variations (or frequency selectivity) in
the frequency response of the received signal. Frequency
selective (or multipath) channels are common in modern
wireless systems that operate over wide bandwidths [22].
Figure 2 illustrates the impact that a frequency selective
channel might have on the spectrum of a transmitted signal.

2) Carrier Frequency Offset (CFO): The RF carrier that
a device modulates its signal to and from can vary from one
device to the next. As depicted in Fig. 3, after filtering the
RF front end at the transmitter modulates the signal to the
frequency f; (close to the intended carrier frequency fe).
At the receiver, the signal is demodulated from f,. (also
close to f.), low-pass filtered (LPF), and processed by the
physical layer. While the PHY attempts to compensate for
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Fig. 3: Carrier frequency offset Af = f; — fr.

the resulting carrier frequency offset (Af = f; — f,.) as best
it can, residual CFO left after compensation can result in
phase rotations and adversely impact decoding performance.

IV. A WIRELESS NETWORK SIMULATOR

We developed a detailed wireless network simulator, called
WINS, as a tool for enabling high-fidelity simulations [24].
This tool was originally conceived of as a response to the
skepticism surrounding many popular network simulators,
particularly ns-2. The main design goal was to more accu-
rately model the PHY and its interactions with the wireless
channel and higher-layer protocols. Our development of
WINS coincided with that of ns-3, and shares the same
physical layer decoding model. In this paper, we demonstrate
our direct-execution approach using WiNS, but this approach
could also be applied to ns-3 and other simulators.

WINS is well-suited as a complementary tool to exper-
imentation on the Hydra testbed. In particular, the design
of the simulator draws on many aspects of Hydra. The
majority of WiNS is implemented in Python, which requires
no compilation and provides automatic memory management
and garbage collection. Computationally intensive pieces of
the simulator are implemented in C/C++, wrapped with
a Python wrapper, and integrated into the simulator. This
approach was used to integrate the Hydra PHY into WiNS
and enable direct execution.

A. Physical Layer Reception Model

The physical layer reception model of a simulator is
responsible for modeling two main functions: (i) frame de-
tection and (ii) packet decoding. The PHY model in WiNS is
intended to be used to represent the single-antenna operation
of an OFDM physical layer from an IEEE 802.11 a/g/n
device. We note that the packet-decoding model in WiNS
is for all intents and purposes the same one employed by
other state-of-the-art network simulators, namely ns-3 [9].
As such, our validation study also has implications about
the fidelity of other simulators using this model.



1) Frame Detection: The detection model in WiNS seeks
to mimic the stochastic behavior of the detection algorithm
employed by Hydra (i.e., SCA). WiNS uses a parameter-
ized model for frame detection that is fit to measurements
collected from waveform-level simulations of the Hydra
physical layer. The probability of successful frame detection,
or frame-detection rate (FDR), is described as a function of
signal-to—noise ratio (SNR) in dB:

0, SNR < I,
FDR=(¢ 5Bl Ty <SNR<Ty, (1)
1, SNR > T,

where I'; (1.5 dB) and I';, (5 dB) are low and high thresholds
for detection. If the SNR of a packet is less than I, it
will always be dropped; if SNR is greater than 'y, then the
packet will always be detected. Intermediate values result in
a random detection outcome based on FDR.

In contrast to this approach, most network simulators
(including ns-3) use a basic threshold policy for determining
if a packet is detected [9]. This is contrary to the stochastic
nature of how detection occurs in most real physical layers.

2) Packet Decoding: After a frame has been successfully
detected, the decoding model in WiNS determines if the
PHY successfully decodes the data in the packet. This model
is based on closed-form expressions for digital modulation
(M-QAM, M-ary quadrature amplitude modulation) and the
hard-decision decoding performance of convolutional codes
presented by Qiao, Choi, and Shin [25]. Their results are
based on analysis over an additive white Gaussian noise
(AWGN) channel. As we mentioned, this is the same model
used in other state-of-the-art simulators, namely ns-3.

This stochastic decoding model does not attempt to model
the location or number of errors in a packet, only the outcome
of the decoding process. At a high-level, it does this by
calculating the packet-error rate (PER) and using this to
randomly determine the success (or failure) of the decoding
process. The basic procedure for calculating PER starts with
using modulation order (M), coding rate (r), and link quality
(i.e., SNR) to compute bit-error rate (FP). This is then used
to compute the PER for an L-byte packet as follows:

PER~1-(1- P,)8F ()

For brevity, we omit details of calculating bit-error rate
(BER) and refer the reader to [26] (or [10] or [9]) for a
detailed discussion of this process.

B. Integrating a SDR Physical Layer

Incorporating the Hydra physical layer into WiNS required
minimal modifications to the PHY model in WiNS. The
inputs to the packet-level model already include parameters
for the configuration of the transmitter, timing information,
and pathloss information for the wireless channel. To enable
direct-execution, we added the transmitted and received
waveforms to this list of meta-data used by the PHY.

Meta-data in WiNS is implemented using flexible packet
annotations that can be attached to each packet. In this way,
each packet contains all of the information needed for the
PHY to process it and simulate the outcome of detection
and decoding. After modifying the transmitter and receiver
so that they could create and process waveforms to and from
packets using the Hydra PHY, the integration of the real PHY
required the addition of two final components: (i) a realistic
receive buffer and (ii) realistic wireless channel models.

1) Realistic Receive Buffer: When using direct-execution,
the receiver applies the waveform-level representation of the
wireless channel to the transmitted waveform annotated by
each packet. Then using the timing information in the packet,
this waveform is added to the physical layer’s receive buffer.
After that, signals in the receive buffer can be processed
by the physical layer, as they would be in the real SDR
system. The processed packet is then marked with a new
packet annotation to indicate whether or not the packet was
successfully detected and decoded.

2) Realistic Wireless Channel: To simulate a realistic
wireless channel, WiNS uses the channel models specified
by the IEEE 802.11n Task Group (TGn). These channel
models represent a diverse set of indoor wireless scenar-
ios, including time-varying frequency-selective (multipath)
wireless channels. In this paper, we will look at results
using the frequency-flat TGn Channel Model A (CM-A)
and frequency-selective TGn Channel Model D (CM-D). We
refer the reader to [27] for more details on the parameters
and construction of the TGn channel models.

V. LINK-LEVEL CHARACTERIZATION

We now use direct-execution of the Hydra physical layer
to evaluate the accuracy of the PHY model in WINS. This
first set of experiments will consider the link-level behavior
of the physical layer. First, we examine the behavior of the
PHY in an AWGN channel with long and short packets.
After using direct execution to validate our physical layer
model under this scenario, we will compare the performance
of the model to that of the Hydra physical layer under
the two wireless impairments we discussed earlier, namely
frequency-selectivity and carrier frequency offset.

A. Simulation Setup

Here we consider the communication between a single
sender and receiver. First, we use direct-execution to evaluate
the accuracy of frame detection in the PHY model under
various wireless conditions. Then, we use this approach to
characterize the packet decoding performance using low,
medium, and high data rates: 6.5 Mbps, 26.0 Mbps, and
58.5 Mbps. In particular, we measure packet-reception rate
as a function of the signal-to-noise ratio (SNR) of the link.
We restrict our investigation to a representative subset of the
available single-antenna modes in IEEE 802.11n so that our
graphs will be more readable. The following four scenarios
are considered in our results.



1) AWGN: We consider decoding performance in a
frequency-flat channel sending maximum Ethernet size
frames (1500 bytes). This is effectively an AWGN channel
and helps to establish a baseline for model accuracy in the
scenario for which the model was designed.

2) Short Packets: Then we consider the impact of using a
shorter packet length (40 bytes) in this AWGN channel. We
consider these packet sizes as they are the two most common
packet lengths found in Internet traffic [28].

3) CFO: Next, we characterize PHY performance in the
presence of carrier frequency offset using large (1500 byte)
packets. CFO is modeled as a uniformly distributed random
variable with a maximum offset of 13.675 ppm [29], which
at a carrier frequency of 5 GHz corresponds to a maximum
offset of approximately 70 kHz.

4) Multipath: Finally, we characterize link-level behavior
in the frequency-selective channel defined by TGn Channel
Model D (CM-D). The average RMS delay spread for the
channels in our experiments was 56 ns.

B. Simulation Results

For the results in this section, we measured PHY perfor-
mance as a function of the instantaneous SNR of the link.
If we were to consider a time-varying (i.e, fading) channel,
our results would be averaged over the specific distribution of
SNRs the channel sees. We argue that this would obfuscate
the actual accuracy of our model, and would not allow us to
generalize our results to different fading channels.

In each scenario, we vary the sender-receiver separation
distance to achieve a specific SNR. At each SNR, the sender
transmits 100 packets, which we use to measure frame-
detection rate and packet-reception rate. We use error bars to
indicate 90% confidence intervals. All the results represent
measurements averaged over 10 trials.

As a side note, we understand that one might argue that
as the OFDM PHY model was not designed to represent
a system with the wireless impairments in our study, it is
not fair to assess the accuracy of the model with respect to
these impairments. We posit, however, that characterizing the
difference between the model and Hydra in this way provides
insight into how to improve the PHY model to account for
these impairments, and gives us a mechanism for identifying
when the current model can be used to generate trustworthy
results in simulations that consider these impairments.

1) Frame Detection: Figure 4 compares the detection
performance of the parameterized model for frame detection
in WiNS against direct-execution of the Hydra PHY in an
AWGN channel, a frequency-selective (multipath) channel,
and in the presence of CFO. As the graph shows, detection
rate gradually rises with link SNR, and above 5 dB nearly
all packets are successfully detected. In ns-3, a frame is
successfully detected if the SNR of the frame exceeds the
SNR capture threshold (5 dB) [9]. We have also included this
threshold-based policy in the graph as a point of reference.
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Fig. 4: Frame detection performance of model and Hydra.

From the results in Fig. 4, we see that the frame detection
model in WiNS accurately captures the behavior of the real
physical layer under all of the wireless scenarios in our study.
This result is expected for the AWGN and CFO scenarios,
since the empirical model is based on measurements in an
AWGN channel and the Schmidl-Cox algorithm (used for
detection in Hydra) is robust against carrier frequency offset.
We were not sure, however, that this model would accurately
capture behavior in multipath channels. Such channels can
cause interference between the correlation terms in the
Schmidl-Cox algorithm, which could adversely impact the
detection performance of the PHY. To our surprise, the model
continues to closely match the behavior of the real Hydra
physical layer even in this frequency-selective channel.

2) Packet Decoding: We now use direct execution to
evaluate the accuracy of packet decoding in our PHY model
and study the impact of various wireless impairments. Each
graph shows packet-reception rate (conditioned on successful
frame detection) as it varies with link SNR for three data
rates. We use solid lines to connect data corresponding to
direct-execution of the Hydra physical layer, and dotted lines
to connect data collected from model-based simulations.

AWGN: Figure 5 compares the decoding behavior of
the model against that of the directly executing Hydra PHY
in an AWGN channel. For each data rate, we see that
the recepetion rate rises as the SNR of the link increases.
These results indicate that the behavior of the model closely
matches that of the Hydra PHY. Moreover, they validate the
decoding behavior of the model for the AWGN scenario.

Short Packets: Figure 6 presents decoding performance
of the physical layer using short 40 byte packets. These
results show the model is slightly more pessimistic than the
performance indicated by direct-execution of the Hydra PHY.
Specifically, the Hydra physical layer begins to decode small
packets at a SNR a few dB below that needed for the model
to start decoding the packet. This difference in behavior is
most notable at higher data rates. We speculate that this



1.0 . Mahaaay
o f,
go 8 | "
c J Model Model ' Model
.g 0.6 i‘ ~ 6.5 Mbps 26.0 Mbps { 58.5 Mbps
aY. / 1
1) 1‘,' 1

F Hydra Hydra ! Hydra

0 <— 65 Mbps 2.0 Mbps 1L—7 585 Mbps
x 0.4 ¥0)
~ y I
v] i
& 0.2 }v.’ !

0.0beedid _,é AAAAA i

0 5 10 15 20 25 30

1.0 JESTTCED G gk
o | 7 i
g 0.8 E Y ( %
c ! Model ! Model Model
.g 0.6 " « 6.5 Mbps fa 26.0 Mbps T} ," 58.5:Mbps
aY. b .
) 1 !

Hydra Hydra : Hydra

o N 6.y5 Mbps < 2%/.c Mbps ,/t T .5 Mbps
x0.4 3 1 :
= h ! '
~ l': ! T
9020+ : dgl 4
a B ! "

O'OFIQ =+ Aok

0 5 10 15 20 25 30
SNR (dB)

Fig. 6: Packet decoding performance with Short Packets.

difference stems from the approximation the model uses for
converting BER to PER in Eq. (2), which assumes that bit-
errors are uniformly and identically distributed in the packet.
This may be less valid with smaller packet lengths. Note that
the error bars at the lowest data rate are larger in Fig. 6. This
results from the loss of some transmitted data packets during
detection, which reduces the effective sample size.

CFO: Figure 7 compares the decoding performance of
the model against that of Hydra in the presence of carrier
frequency offset. These results show that the behavior of
the two systems significantly diverge, and that the impact of
CFO is worse at lower SNR. This decoding behavior is a
result of how noise impacts CFO compensation in Hydra.
Estimates of CFO and other phase tracking parameters used
in compensation become worse at lower SNR; thus, the
residual CFO that remains after compensation degrades the
decoding performance of the PHY, especially at low SNR.
This impairment impacts the performance of lower data rates,
which are normally robust enough to operate in this low SNR
regime. For example, Fig. 7 shows that transmissions using
the lowest data rate (6.5 Mbps) require approximately 5 dB
of additional SNR to achieve reliable communication.

Multipath: The final set of link-level measurements in
this section correspond to the performance of the physical
layer in a frequency-selective channel. As Figure 8 shows,
the packet decoding behavior of the model and Hydra diverge
significantly. The most notable feature of PHY performance
in this multipath channel is that, for each data rate, the
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Fig. 8: Packet decoding performance in Multipath Scenario.

transition from receiving no packets to receiving most packets
(> 95%) occurs over a much larger SNR range. To explain
this behavior, we should consider the impact of frequency
selectivity on the subcarriers of an OFDM system. In a
multipath channel, the SNR for some of the subcarriers will
fall below the average SNR and others will fall above it.
While the average SNR of the channel might be sufficient
for reliable communication in an AWGN channel, these
“bad” subcarriers can introduce additional bit-errors that
the decoder will have to correct. This diminishes the error-
correcting ability of the physical layer.

C. Summary

Our results show that the PHY model used in WiNS (and
other state-of-the-art network simulators) accurately models
packet decoding under a limited set of wireless conditions.
We used direct-execution to characterize link-level behavior
and show how the model diverges under various realistic
wireless conditions. We also showed that the detection model
in WiNS is accurate under all of the wireless scenarios in our
study. Our link-level characterization provides a better under-
standing of the operating regimes where the PHY model is
still accurate in the presence of these wireless impairments.
The impact that model-error has on the accuracy of network
simulations depends on the specific topologies, protocols,
and channels in a network scenario. Direct-execution pro-
vides an effective means of evaluating model accuracy in
terms of its impact on network simulations.



VI. INVESTIGATING RBAR WITH DIRECT EXECUTION

We now use direct execution to evaluate the accuracy
of the PHY model from the perspective of a higher-layer
protocol. Our goals in this section are twofold. First, we will
show that direct execution is an effective means of evaluating
the accuracy of a PHY model in terms of its impact on the
performance of higher-layer protocols. Secondly, we show
how this approach can identify when a PHY model is suitable
for generating trustworthy simulation results under various
wireless conditions. We do so by using direct execution to
study the behavior of a simple rate adaptive MAC protocol,
the Receiver-Based Auto Rate (RBAR) protocol [30].

A. RBAR Protocol Description

RBAR is a simple protocol for opportunistically adapting
the data rate of transmissions in an IEEE 802.11 network.
In the protocol, a receiver is responsible for recommending
the “best” data rate for the sender’s transmission. RBAR
enables this receiver-centric adapatation by piggybacking
rate information on the four-way handshake of IEEE 802.11
(i.e., the RTS-CTS-DATA-ACK exchange between a sender
and receiver). We refer the reader to [30] for details on the
exact operation of this modified four-way handshake.

RBAR uses a threshold-based policy to adapt the data rate
used by the sender. The goal is to use the highest data rate
that will maintain a reliable quality of service (QoS). Table I
shows the standard set of RBAR thresholds implemented in
WIiNS. The thresholds were designed to achieve a target BER
of 1079 (PER ~ 1%) based on the performance of the PHY
in an AWGN channel (CM-A). Each threshold corresponds
to the SNR needed to achieve this target QoS. Table I also
shows an alternate set of thresholds that we will use later, as
we try to improve the performance of RBAR and accuracy
of simulations in a frequency-selective channel (CM-D).

B. Simulation Setup

For this investigation, we consider communication be-
tween a single sender and receiver using RBAR. We measure
the MAC layer throughput of the protocol as a function of the
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Fig. 9: RBAR throughput in CM-A without fading.

TABLE I: RBAR Adaptation Thresholds

Standard Alternate

Data Rate SNR Thresholds | SNR Thresholds
(PER ~ 1% (PER ~ 5%

in CM-A) in CM-D)
6.5 Mbps N/A N/A
13.0 Mbps 7.2 dB 14.8 dB
19.5 Mbps 10.1 dB 19.8 dB
26.0 Mbps 13.8 dB 22.0 dB
39.0 Mbps 16.9 dB 26.7 dB
52.0 Mbps 21.7 dB 29.2 dB
58.5 Mbps 22.9 dB 32.6 dB
65.0 Mbps 24.7 dB 36.3 dB

average SNR of the link. Note that MAC layer throughput
includes protocol overhead (e.g., RTS, CTS, etc.), as well as
the latency associated with the backoff and retransmission
policies of IEEE 802.11 [1]. The MAC protocol uses a
maximum retransmission count of 7.

C. Simulation Results

Here we present results using direct-execution to evaluate
the accuracy of our physical layer model in terms of its
impact on the performance of RBAR. First, we use this
approach to validate the model in a frequency-flat channel
(TGn Channel Model A, CM-A). Then, we examine how
PHY performance in a frequency-selective wireless channel
(TGn Channel Model D, CM-D) impacts the accuracy of
our simulation results. We vary the sender-receiver separa-
tion distance to achieve a particular average SNR. At each
average SNR, the sender sends 100 packets, which we use
to measure average throughput (T},,,¢). We use error bars to
indicate 90% confidence intervals computed over 10 trials.

1) Frequency-Flat Channel: Figure 9 shows the perfor-
mance of RBAR as it varies with SNR in a frequency-flat
channel without time-dependent fading (i.e., instantaneous
SNR is equal to average SNR). We see that as SNR increases
the protocol selects higher data rates to take advantage of
the improving link quality. At each SNR threshold in the
standard adaptation policy specified by Table I, throughput
performance increases in a stepwise fashion.
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Fig. 10: RBAR throughput in CM-A with fading.
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Fig. 11: RBAR throughput in CM-D without fading.

In Figure 10, we present the throughput performance of
RBAR as it varies with the average SNR in a fading channel.
For each average-SNR value, the corresponding throughput
value represents throughput performance averaged over the
distribution of SNRs seen by the fading channel. Note that
RBAR uses instantaneous SNR to adapt the data rate for
transmissions. The resulting throughput performance gradu-
ally increases as a function of average SNR.

These results confirm that the physical layer model is
accurate in terms of its impact on simulations of RBAR in
a frequency-flat channel with and without time-dependent
fading. This is consistent with our link-level validation of
the physical layer model in an AWGN channel.

2) Frequency-Selective Channel: Now we consider the
impact of a frequency-selective channel (TGn Channel
Model D, CM-D) on the performance of RBAR. Figure 11
illustrates the performance of RBAR in a multipath channel
without time-dependent fading. There are two notable fea-
tures of this graph. First, at each SNR threshold (or switching
point), we see that RBAR prematurely selects the next higher
data rate. That is, the physical layer is unable to deliver the
intended target quality of service when this occurs, resulting
in a dramatic loss of throughput. This accounts for the erratic
way in which the throughput drops off and rises, instead of
monotonically increasing. The second notable feature is the
divergence between the throughput performance of RBAR
using the model and RBAR using Hydra. In particular, the
model is optimistic with regard to the Hydra physical layer.
This is consistent with our expectations based on the link-
level behavior of the two systems, shown in Figure 8.

Figure 12 presents RBAR performance in a time-varying
frequency-selective channel (CM-D). We see that the erratic
behavior of the system gets smoothed over the distribution
of the SNRs for the fading channel. The graph shows that
divergence between the model and Hydra still persists in the
fading channel. From these results, we conclude that the PHY
model is not suitable for simulating RBAR in a frequency-
selective channel when using the standard adaptation policy
in Table I. RBAR using these adaptation thresholds cannot
achieve its target QoS in this frequency-selective channel.
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Fig. 12: RBAR throughput in CM-D with fading.

D. Modifying the Adapation Policy

The failure of RBAR in the frequency-selective channel
stems from the improperly tuned switching points in the
standard adaptation policy in Table I. Using the results from
our link-level characterization of the physical layer, we can
design an adpatation policy that is appropriate for RBAR
in a frequency selective channel. In this way, our direct-
execution approach provides insight into the design of this
rate adaptive protocol. Table I contains this alternative set
of SNR thresholds, which are designed to achieve a target
packet-error rate of 5% in a frequency-selective channel.

Using these more conservative SNR thresholds we once
again measure the throughput performance of RBAR in a
frequency-selective channel. Figure 13 shows the behavior of
RBAR using this adaptation policy in a frequency-selective
channel (CM-D) without fading. These results show that
RBAR is able now to operate as intended, where throughput
performance increases in a stepwise fashion. We note that at
the lowest data rate, there is still some divergence between
the model and Hydra, which is consistent with our link-level
characterization of the PHY. Figure 14 shows the throughput
performance of RBAR using the alternate adaptation policy
when we use a fading multipath channel.

E. Summary

The results presented in this section demonstrate that
direct-execution is an effective means of studying model
accuracy in terms of its impact on higher-layer protocols. Our
results validated the PHY model in terms of its accuracy in
simulations of RBAR over a fading frequency-flat channel.
We used direct-execution to study the impact of model
accuracy on simulations of RBAR, and used insight from
our link-level characterization to tune the adaptation policies
of the protocol. Modifying these policies allowed RBAR to
operate in a frequency-selective channel as it was intended.
In “correcting” RBAR, we also caused the physical layer
to operate in a regime where the PHY model was more
accurate. As a result, we can now use the PHY model to
generate trustworthy results when simulating RBAR in both
frequency-flat and frequency-selective channels.
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Fig. 13: Tpye with Alternative RBAR Thresholds (no fading).

VII. RELATED WORK

There have been various efforts to develop a better under-
standing of the link-level behavior of the PHY and improve
the accuracy of network simulation. Our direct-execution
approach is comparable to these related efforts. Here we
focus on two of the most closely related techniques: physical
layer emulation and hybrid-simulation.

Judd and Steenkiste presented a study of the link-level
behavior of an IEEE 802.11 system using physical layer
emulation [8], [31]. This technique connects real wireless
devices over a high-performance wireless channel emulator
(the CMU Netwok Emulator), implemented on a DSP-and-
FPGA-based platform. This emulation approach provides a
means of addressing one of the main drawbacks of testbeds,
that is their inability to reliably generate repeatable experi-
mental results. Physical layer emulation is an alternative to
deploying testbeds in real-world environments that provides
a high degree of control and repeatability. In the same way,
our direct-execution approach is an alternative to model
validation using measurements from testbeds deployed in
real-world environments. It also provides a high degree
of control and repeatability, and maintains the credibility
associated with using a real physical layer implementation.

The most similar approach to direct-execution is hybrid-
simulation. This is a technique for enabling highly accurate
simulation by replacing the packet-level models of the physi-
cal layer and wireless channel in a simulator with detailed
waveform-level implementations. The main drawback of this
technique is its computational complexity. As Mittag, et
al. showed, using a waveform-level PHY implementation
can increase the runtime of simulations by a factor of
100 or more over their packet-level counterparts [32]. This
is further exacerbated when using realistic detailed fading
models of the wireless channel, increasing complexity by an
additional factor of 100 or more. While some complexity
reducing approaches have been proposed, this technique
remains vastly more computationally expensive than sim-
ulations using packet-level models [32]-[34]. As such, we
believe this motivates the need for continued development
of efficient and accurate models of the physical layer.
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Fig. 14: Tpy with Alternative RBAR Thresholds (with fading).

A key distinction between direct-execution and hybrid-
simulation is that our approach draws its physical layer
implementation from an operational SDR testbed. In this
way, we can credibly claim that the operation of the physical
layer accurately reflects reality. In addition, unlike hybrid-
simulation, the goal of direct-execution is not to supplant
the packet-level models of the physical layer and wireless
channel. Rather, direct-execution provides an effective means
of identifying when such models are accurate and can be used
to generate trustworthy simulation results.

VIII. CONCLUSION

Physical layer inaccuracy in network simulation has been
observed to produce misleading results, which contributes
to doubts about the overall credibility of simulation. It is
important to address this issue by validating and improving
the accuracy of models used in simulation. In this paper, we
demonstrated a technique for validating the physical layer re-
ception models in simulators using direct execution of a real
PHY implementation from an operational SDR testbed. This
approach leverages the inherent credibility of the testbed,
while maintaing the control, scalability, and repeatability
associated with simulation. In doing so, it allows us to study
model accuracy from the perspective of different protocol
layers using a broad set of wireless scenarios.

We used direct-execution to characterize the link-level
behavior of a leading OFDM PHY model used in state-of-
the-art network simulators. Our results showed that the model
is accurate under a limited set of wireless conditions, and
accounted for inaccuracies under various realistic wireless
impairments. We also used direct-execution to study the
PHY model in terms of its impact on simulations of a rate
adaptive MAC protocol (RBAR). We showed how modifying
the policies of a higher-layer protocol can change the impact
that a model has on the accuracy of network simulations.

Direct-execution is an effective means of evaluating the
accuracy of a PHY model in a flexible and controlled manner.
Further, this approach is an effective means of identifying
when a PHY model is suitable for producing trustworthy



simulation results, even in scenarios where the model is not
accurate from the perspective of the physical layer.

A potential direction for extending this study in future
work might include the use of direct-execution to validate
multi-antenna PHY models used to study IEEE 802.11n
networks. The framework developed for our specific imple-
mentation of direct-execution, using Hydra and WiNS, would
be well-suited to this task, as the channel models in WiNS
and physical layer of Hydra are already designed for multi-
antenna operation. Finally, we note that code for WiNS is
publicly available for download [24].
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