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Abstract

We review the design, selected applications and paral-
lel performance of WIPPET, a general parallel simulation
testbed for various types of wireless networks. MPPET
has been written in TeD/C++, a new object-oriented mod-
eling framework that isolates network modeling from the
underlying parallel discrete event simulator. We describe
the techniques for modeling radio propagation (long and
short-scale fading and interference) and protocols that
promote scalability of parallel simulations at session and
packet levels. We illustrate their efficiency under two
partitioning schemes with parallel performance data ob-
tained using the Georgia Time Warp optimistic simulator.
Finally, we outline two selected applications of WIPPET:
integrated radio resource management in a mobile wire-
less voice network; and packet losses due to mobility and
short-scale fading over a radio link.

1 Introduction

Modeling of radio networks is very distinct from model-
ing of wired networks in that the physical channel prop-
erties, i.e., radio propagation and interference, cannot
be separated from the higher network protocols, because
strong interactions at all levels drive engineering design
decisions. From the simulation point of view, recurring
interference calculations, due to changes in each transmit-
ter’s power or position, lead to grand demand for compu-
tational resources. The parallel simulator WIPPET?! ex-
tends the functionality of WINLAB'’s previous sequential
simulator MADRAS [1], the Mobility And Dynamic Re-
source Allocation Simulator. MADRAS has figured im-
portantly in research (e.g., [2, 3, 4, 5]) and has demon-
strated the necessity of an integrated approach to radio re-
source allocation. It also showed the desirability of the
reusable testbed approach. Prior results regarding parallel
simulations with WIPPET can be found in [6] which casts
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the wireless network into reusable and substitutable parts,
and [7] which evaluates the efficiency of parallel simula-
tions.

WIPPET is a versatile simulator for wireless networks,
which has been implemented in the TED/C++ framework
[8, 9, 10, 11], and is used with the Georgia Time Warp
(GTW) optimistic parallel simulator [12]. WIPPET is a
collection of base TED objects modeling mobility, traffic,
radio propagation and protocols that together with a con-
figuration file (specifying interconnections and system pa-
rameters) can be instantiated as a virtual testbed [6]. The
objectives of the testbed are to: (i) Shift the work to design
of models rather than low-level programming of custom
simulators, and (ii) Enable reuse of a growing database of
objects for creation of new simulation models. Therefore,
the design of base entities requires the efficient implemen-
tation of the fundamental behaviors, while expressing the
unifying features of the different design options to enable
entity substitutions.

Current and near-term research involving simulations
with WIPPET focuses on radio resource management
and media access protocols, effects of packet losses due
to interference and fading on the performance of Inter-
net protocols, and studies of interference among nearby
autonomous systems employing distinct modulation and
radio resource management algorithms, especially in the
5 GHz U-NII bands.

In order to be useful in multiple research projects, a
versatile wireless system simulator must have the ability
to model radio phenomena at different temporal and spa-
tial scales, as well as the ability to model multiple protocol
layers, as sketched in Figure 1. The levels of granularity
are dictated both by the hierarchy of transmission units in
the system (e.g., frames, packets, bits or chips), and by
characteristic time-scales for the physical processes with
which transmissions interact (e.g., short-scale Rayleigh
fading, long-scale shadow fading). A versatile wireless
simulator should support research studies at various levels
and time-scales, and more importantly across levels and
time-scales. Such a system facilitates the incorporation of
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Figure 1: WIPPET provides support and “hooks” for
model development at a variety of time scales and pro-
tocol layers.

interactions between layers in the design and optimization
process.

2 Mobility, Propagation, and Protocols in WIPPET

2.1 Geography and Mobility

A mobile wireless simulator must include a description
of the terrain in which a mobile station (MS) can travel.
Moreover, the geometry of the terrain determines gross
radio propagation characteristics. In WIPPET, the con-
tinuous terrain is approximated by an adjacency graph of
accessible MS locations. Mobility describes the process
by which an MS moves from one point to another within
the modeled geography. WIPPET allows the modeler to
import an approximation to a real map, or a synthetic ge-
ography, and to model either trajectories that evolve at
runtime, or precomputed trajectories that simulate a par-
ticular traffic scenario. A common model of mobility in
microcellular systems is a biased random walk in a syn-
thetic Manhattan—style urban environment with a 5-10
meter geographic resolution.

2.2 Propagation and Interference

The performance of a radio receiver depends on receiving
sufficient signal energy from a desired transmitter while
not receiving too much interference from other sources.
Further, a received signal may be smeared by the delay
spread in multipath propagation. Radio reception quality
exhibits very large fluctuations in space and time (fading)
due to environmental motion and activity of other sources.

There is a vast body of literature on the measurements
and modeling of propagation in various environments at
various frequencies, for a review see [13, 14]. The clas-
sical models are derived as follows: The ith terminal, lo-
cated at position x;, transmits signal s;(t). The received

signal at location b over a gernal time varying radio chan-
nel is

t
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where h is the channel impulse response. The correspond-
ing received power at b is P} (t,b) = E [RZ(t,b)]. A
measure of the received signal quality at position b for
terminal ¢ is signal to interference ratio (SIR), which is
defined by the ratio

Li(t,b) = (7) 2
>z Prx(t,b) +n

where n? is the additive noise power.

The modeling of the channel response h(¢, 7,x,b) de-
pends on performance assessment needs: it may be site—
specific, that is based on actual measurements or on ray-
tracing approximation for a particular town or building; or
it may employ stochastic processes with values and corre-
lations mimicking those measured in a class of of similar
environments (e.g., typical American suburbs, or generic
multistory office buildings). While the design of WIP-
PET allows to use site—specific propagation models, in
our research we focus on statistical characterization of ra-
dio networks, and thus we limit the discussion to stochas-
tic propagation models.

Signal attenuation in a radio channel is commonly rep-
resented as the product of long-scale and short-scale fad-
ing: h(t,7,x,b) = g(x,b) - h(t, ). The long-scale fad-
ing, g, represents the attenuation of the signal averaged
in a region larger than 10 or more carrier wavelengths
around the receiver, thus due to distance and shadowing
by large objects. The short-scale factor h(¢,7) represents
time-varying effects of interference and delay dispersion
of carrier waves arriving over distinct paths.

2.2.1 Long-scale Fading

Long-scale fading is constant in time and may be precom-
puted. For cellular networks WIPPET employs the path
gain matrix g(i,j) = logg(x;,b;) for all x; € M and
b; € B, where M is the set of mobile locations, and B is
the set of base station locations. In WIPPET the | M| x
|B| gain matrix g is a large state constant that may be read
from a file, precomputed in a site-specific or stochastic
propagation model. The classic stochastic model repre-
sents the geographic path losses as g(x,b) = gq(|x —
bl)-gs(x, b) where g, is deterministic function of distance
and g5 is a log-normally distributed spatial random pro-
cess. Measured g4(|x — b|) decays as an inverse power of
distance, g4 ~ |x — b|~". In free space, n = 2; however,
in complex environments with propagation dominated by



phenomena ranging from waveguide effects to extensive
shadowing and scattering, the values 1 < n < 4 are found
[14]. A standard stochastic description of the shadow
fading fluctuations due to large obstacles is as a sin-
gle realization of a two dimensional log-normal random
process, loggs ~ N(0,02), with exponentially decay-
ing spatial correlations, E [loggs(x,b)loggs(x',b)] =
o2 exp(—|x — x'|/dy) [15].

2.2.2 Short-scale fading

The term short-scale fading encompasses the effects of
the interference of the components of multipath propaga-
tion of radio waves, and their varying travel time from the
source to the receiver. Sklar [16] provides a useful tax-
onomy: First, the relation between the maximum excess
delay T7,, in impulse response (due to multipath propaga-
tion) and the symbol duration time 7’5 determines two sig-
nal degradation categories: i) Frequency-selective fad-
ing for T,,, > T, producing channel-induced intersym-
bol interference (1SI); ii) Flat fading for T,,, < T, when
multipath components are not resolvable. Second, the re-
lation between the channel coherence time Ty (character-
izing temporal variability due to changing multipath com-
ponents) and the symbol duration time 7's determines two
other signal degradation categories: i) Fast fading for
To < Ts, producing symbol distortion, e.g. due to high
Doppler; ii) Slow fading for Ty > T, giving rise to SIR
fluctuations.

Modeling of frequency-selective fading, e.g., for a
RAKE receiver, employs temporal fading (like Rayleigh)
separately on each resolved path, together with a stochas-
tic process of arrivals and departures of multipath com-
ponents, with appropriate delay and power distribution.
Such models have been derived in literature both for ur-
ban and indoors environments. There are also various
models of temporal fading: Rayleigh, Rice (LOS) are typ-
ical. With these, temporal variation appears through rel-
ative motion of the Tx and Rx. However, omnipresent
environmental motion introduces temporal fading even if
both Tx and Rx are stationary, but that case is difficult to
characterize because it is highly environment dependent.
The case in which relative motion is the larger effect is
characterized by Rayleigh and Ricean fading.

In contrast to long-scale fading, modeling of short-
scale fading need not be geographically indexed due to
short-range correlations. In WIPPET the stochastically
generated short—scale temporal fading is modeled inde-
pendently for each Tx—Rx pair in the shared radio chan-
nel and combined at the Rx. It is important to note that
the details of the fading model should be matched to the
signal processing capabilities of the modeled receiver to
obtain the meaningful statistics of data loss; i.e., further
abstractions of fading may be made according to the level
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Figure 2: Top: Abstraction of the generic communicating
packet radio entities. Bottom: The main role of a zone entity
is to combine the contributions of all actively transmitting Tx to
the received power profile for every Rx. Each time the power, or
position, or the value of short-scale fading loss of a Tx changes,
all active Rx power profiles in that radio channel must be up-
dated.

in Figure 2 (top) that is of interest. For example, studies
of radio resource management typically require averaged
fading and interference, whereas for packet-level simula-
tions one needs SIR values on a fine time scale during
a packet to determine if the packet’s data have been cor-
rupted.

The interaction of transmitted signals due to users shar-
ing the same bandwidth results in a cross—connection of
transmitters to receivers as illustrated in Figure 2 (bot-
tom). However, a transmitter and receiver may act inde-
pendently if they do not share the same spectrum, or if
they are sufficiently separated in distance that g(x,b) =~
0. That is, depending on the structure of system being sim-
ulated, the cross—connection may be essentially complete,
or relatively sparse.

2.3 Radio Resource Management Protocols

Radio resource management includes any actions that are
necessary in a wireless system to provide the required
Quality of Service (QoS). In wireless voice networks the
term has generally included protocols that control call ad-
mission, channel allocation, power control, and hand—off.
In a wireless data network there are also transport pro-
tocols acting above the resource management activities.
WIPPET’s primary purpose is evaluation of protocols,
and evaluation means performance comparison. Within
TeD, comparison is facilitated by the ability to substitute
architectures of entities. A canonical comparative exper-
iment requires running two nearly identical models, the
only difference being that certain protocol processes are



different. Unlike propagation and interference, which re-
quire considerable thought to cast into the event-passing
paradigm of TED, protocols fall easily into place by defin-
ing an event for each message type of the protocol, and a
TEeD process for each protocol, to evaluate these events.

2.4 Entity Design in WIPPET

The design of primary TED entities for a wireless network
simulation has to be convenient for modelers. The design
of WIPPET takes into account selection of appropriate
entities that model the earlier mentioned aspects of mobil-
ity, traffic, radio propagationand protocolsthat are neces-
sary to execute a realistic simulation of a wireless system.
Natural candidates for entities are mobile stations, base
stations and switches. Thus entities MS, BS, and switch
each represent their physical counterpart. These entities
contain TED processes simulating radio resource manage-
ment protocols at the connection level (session admission,
transmitter power control and handoff). The entity mod-
elling traffic, callgen generates calls (session arrivals),
and the entity zone encapsulates geography and propa-
gation. Figures 3 and 4 show the details of approaches to
parallelization and the inheritance heirarchy in WIPPET.
We refer the reader to [7] for details of entity design.

3 WIPPET: Session level simulation

WIPPETeession, @ version of WIPPET that models ses-
sion or call level traffic, has radio propagation model in-
cluding distance loss and shadow fading, mobility and re-
source management algorithms — call admission, uplink
power control, and six handoff algorithms. Among the six
are three standards based handoff algorithms (AMPS, 1S-
136, GSM) and three other handoff algorithms (SIR based
handoff, received-signal-strength (RSSI) based handoff,
and a combined SIR/RSSI based handoff) derived from
[3].

Figure 5 shows an interaction diagram for AMPS hand-
off that exemplifies the level of implementation detail.
The power control algorithm is an asynchronous dis-
tributed uplink power control in which each user attempts
to minimize its transmit power while maintaining a re-
quired SIR [17]. Long-scale fading is precomputed for
the specified geography by overlaying correlated log—
normal shadow fading [15] on power—law distance loss
[14]. For call admission there are two variants of base sta-
tion and channel assignment: use a channel from the base
with the strongest pilot tone, or search a dynamic list of
bases in order of decreasing pilot strength to find an ac-
ceptable channel. From [1] we have incorporated a family
of dynamic channel allocation methods that employ inter-
ference measurements. Finally, WIPPET provides system
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Figure 3: Two approaches to parallel simulation of mobile,
multi-channel wireless networks: either by partitioning the geo-
graphical terrain among zone entities (top, WIPPET 0.3), or by
partitioning the spectrum into orthogonal radio channels among
zone entities (bottom, WIPPET 0.4). Hybrid approaches are
also possible. Lines between entities denote the principal event
flows.
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Figure 4: Entity inheritance hierarchy (vertical) and their com-
patibility for protocol substitutions (horizontal). We note that
in the current version of TED it is computationally expensive to
embed component entities in parent entities when they need to
send or receive events through the parent’s channels. Therefore,
our design builds up each entity type by inheritance of archi-
tectures, with each level of inheritance adding appropriate pro-
cesses and state fragments.

performance statistics in terms of call blocking, call drop-
ping, average number of handoffs per call, etc., which are
used to analyze the performance of various radio resource
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Figure 5: Interaction diagram for AMPS handoff.

management protocols.

Frequent calculations of SIR throughout the network
are a necessry input to the radio resource management al-
gorithms and these consume most of the computational
effort of the simulation. Parallelizing the interference cal-
culations is the main consideration in parallelizing the en-
tire simulation. We now describe two approaches to this
parallelization.

3.1 Geographic Parallelization

In this approach, the geography is divided into multi-
ple zones. Each zone entity contains a fraction of the
geography points together with corresponding path loss
sub-matrix. Each zone entity with sub-geography points
and path loss sub-matrix is mapped on one processor.
Equal sharing of the simulation load among processors
for uniprocessor and 4—processor cases are shown in Fig-
ure 6. One can extend the same mapping approach to the
N—processor simulation.

3.2 Radio Channel Parallelization

In radio channel parallelization, instead of dividing geog-
raphy into multiple zones, the radio channels are divided
into multiple zones and map the radio channel zones on
different processors. Each radio channel zone contains
all geography and path loss matrix, but only a fraction of
the radio channels. The sharing of the simulation load
among processors for uniprocessor and 4—processor cases
are shown in Figure 7. This mapping extends easily to an
N—processor simulation.
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Figure 6: Load balancing in geography parallelization:
(a)[left] uniprocessor simulation; (b)[right] 4 processor
simulation.
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3.3 Parallel Simulation Performance

First, we must define terminology used in the discussion
of parallel simulation performance.

e The speed up of an NV processor simulation is the
ratio of the uniprocessor execution time to the execu-
tion time on N processors.

e The net events of IV processor simulation is defined
as total events required, excluding rollback events, to
complete the simulation.

e The excesseventsof an IV processor simulation is de-
fined as difference between net events of the N pro-
cessor simulation and net events of the uniprocessor
simulation. Thus, as a function of the number of pro-
cessors N,

excess events (IV)

@

We have performed experiments in a multi-processor en-
vironment to evaluate geography and radio channel paral-
lelization.
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Figure 8: Experimental results: (a) [left] speed up; (b)
[right] % excess events

The results in Figure 8(a) shows a significant speed up for
channel parallelization but not for geographic paralleliza-
tion. This conclusion is consistent with results in [18]. It
is interesting to analyze how this happens. Within a ra-
dio channel, interference is a simultaneous phenomenon
across the geographical extent of the network. Therefore,
within one radio channel, geographic partitioning creates
excess events necessary to carry partial results to a place
where the interference in the channel is summed. For or-
thogonal radio channels, interference in one channel is
completely independent of interference on other channels
(local activity). A single zone does all the calculations
of the interference on a single channel. This dramatically

parameter [units] | 2D Macrocell

Number of BSs 48
Number of Channels 40
Geography Style Manhattan
Geographical Area 12km X 12km
Cell Radius [m] 1000
Antenna Height [m] 50
Distance Resolution [m] 5
Shadow Fading Standard Deviation [dB] 6
Shadow Fading Correlation Distance [m] 50
Noise Power [dBW] -150
Maximum Power [dBW] 0
Mobile Speed [m/sec] 25
Probability of Going Straight 0.6
Time Between Handoff Checks [sec] 1.0
Time Between Power Updates [sec] 10
BS Assignment Algorithm Strongest Pilot BS
Call Admission Channel-Allocation Algorithm LI-DCA
Handoff Algorithm RSSIBHO
Handoff Channel-Allocation Algorithm LI-DCA
Target SIR [dB] 20
Drop SIR [dB] 14
Admission SIR [dB] 23

Table 1: WIiPPET simulation parameters

reduces the number of excess events associated with in-
terference calculations. Partitioning also creates excess
events that we call zone transfer events. These occur when
mobiles cross boundaries, in the case of geographic paral-
lelization, or when mobiles change channels, in the case
of channel parallelization. Here again, synchronization
is forced only when the MS transfers from one zone to
another. Under either parallelization, these zone transfer
events occur perhaps a few times during the lifetime of a
call, unlike interfernce calculations which can occur hun-
dreds of times per second. Consequently, in Figure 8(b)
we see that the excess events due to zone transfer are
rare. Hence, orthogonal radio channels result in the strong
speedup curves shown in Figure 8(a).

3.4 WIPPETgssion: Verification

WIPPET sssion Was validated by verifying that a TeD/C++
implementation of MADRAS [1] was in close agreement
with previously published MADRAS results [1]. Specifi-
cally, Figures 9 and 10 show the agreement in call block-
ing probability and call dropping probability vs. the of-
fered traffic respectively with reference curves from [1].
Table 1 shows the WIPPET ssion COnfiguration parame-
ters and algorithms used for comparison of the simulation
results.

4 WIPPET: Packet level simulation

In WIPPET packet, & version of WIPPET for packet trans-
mission, we simulate packet level traffic with distance
loss, short scale (Rayleigh) and long scale (shadow) fad-
ing, mobility, and power control. In this work, we charac-
terize packet loss performance for an elementary version
of the packet level simulation with limited functionality
and protocols.

During packet transmission, a mobile continuously
moves under the control of the WIPPET packer Mobility



Blocking Probability vs Offered Traffic(RSSIBHO — 10000 sec)
T T T

10°

& s
=
8

o

Blocking Probability
.
(=}

s
10 —+—  WIPPET:LIDCA/SIRNew = 20dB |7
- -©— - WIiPPET:LIDCA/SIRNew = 23dB
-4 -  WIPPET:LIDCA/SIRNew = 26dB
* MADRAS:LIDCA/SIRNew = 20dB
o MADRAS:LIDCA/SIRNew = 23dB
MADRAS:LIDCA/SIRNew = 26dB
107 L L L L L
0.1 0.15 0.35 0.4

0.2 25 0.3
Offered Traffic (Erlangs/Base/Channel)

Figure 9: Call blocking rate as a function of offered traffic
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ence dynamic channel allocation (LIDCA).
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Figure 10: Call dropping rate as a function of offered traf-
fic at different SIR admission thresholds using least inter-
ference dynamic channel allocation (LIDCA).

module. When a mobile gets to a new geographic point,
the pathloss/shadow (long scale) fading value is updated.
The uplink power is also updated according to the tar-
get SIR value, long scale fading value, and interference
power. The objective of the power control module is to
adjust the the required MS transmitter power to compen-
sate the signal power loss due to distance/shadow fading
and the average interference power from the co-channel
interfering mobiles at the parent BS. The required trans-
mitter power for the ith MS, denoted by a, is calculated at
the parent BS as

E]‘# a;jg(x;,b) + n?
g(xi,b)

where +; is the target SIR of the 4th user.
Since the packet loss depends upon the bit or code

3

@i = i

symbol losses inside the packet, the SIR profile used
for determining the packet loss has must be finely sam-
pled. In this case, we need to include short scale fad-
ing as well as long scale fading for the TxRxFade mod-
ule shown in Figure 2. We have implemented models of
short scale Rayleigh and Ricean fading [19] with i) wave-
superposition method [20], ii) spectrum-shaping method
[21] ; and also iii) a quantized channel state Markovian
model [22]. WIPPET packet has used Rayleigh fading us-
ing spectrum shaping method based on Clarke’s model.
The Rayleigh fading for Tx-Rx pairs are modeled as mu-
tually independent.

Once we obtain the detailed SIR samples at the re-
ceiver, a key issue is how to use this profile to determine
whether the packet is corrupted. This is the function of
receiver discriminator. The determination of packet loss
depends upon the modulation and channel coding scheme
used in the packet transmission. Currently WIPPET paciet
employs a simple discriminator in the RX module of each
receiver. This discriminator collects and compares each
uplink sampled SIR with the threshold SIR T'prop. If
sampled SIR is greater than I'prop, a counter is in-
cremented. If the counter exceeds a predefined number
(DROP_COUNT), the packet is judged to be in error and
the discriminator updates PER (packet error rate) statis-
tics.

The verification of the receiver discriminator was done
by comparing simulation results of the WIPPET packet With
the analytical results shown in [23] in terms of the PER
vs the fade margin for the CDPD (Cellular Digital Packet
Data) uplink channel. CDPD is the data standard based
on AMPS. In CDPD, 20 msec long packets are transmit-
ted from the MS to the parent BS at 19.2 kbps. Pack-
ets are channel coded with the 8-error-correcting (63,47)
Reed-Solomon code over GF(2%). The packet consists
of 63 code symbols and each code symbol consists of 6
bits. The SIR value is assumed to be constant during a
code symbol duration, a reasonable assumption for short
scale fading under normal mobile speeds in the 800 MHz
AMPS band. Thus the discriminator uses 63 samples of
SIR corresponding to each code symbol to determine the
packet loss. If more than 8 samples are below the thresh-
old SIR then the packet is considered as in error. A de-
tailed explanation appears in [23].

We performed a single cell experiment with only back-
ground noise and zero interference on the uplink radio
channel. A single MS transmitted packets to its parent
BS. The discriminator at the parent BS evaluates the 63
SIR samples per packet to decide whether the packet is
in error. The integrity of the simulator testbed (WiPPET-
packet level) was verified by comparing the results of the
simulations with previously published analytical results
[23]. Figure 11 shows PER versus fade margin, which
is comparable to the results shown in [23]. The reader
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WIPPETeession and by analysis.

may also refer to [23] for the details of the analysis and
interpretation of the results.

The packet level simulation of WIPPET are the initial
step toward multi-layer protocal simulation. We will use
this packet level simulation at the physical layer, to ex-
amine MAC layer retransmission schemes and transport
layer protocols such as TCP or UDP.
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