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ABSTRACT

Media access control (MAC) protocols for mobile ad-hoc
networks are of interest in applications ranging from wireless
local area networks (WLANs) to global skywave high-
frequency radio networks. Much of the recent work in wire-
less MAC protocols has emphasized networks with short
turnaround times (e.g., IEEE 802.11 WLANs). However,
some wireless networks suffer lengthy turnaround times in the
physical layer. This paper explores the interaction of turn-
around time with various types of MAC protocols, and offers
guidance for selecting an efficient wireless MAC protocol.

1. INTRODUCTION

When a channel (or a pool of channels) is shared for multiple-
access communication among a group of nodes, some
mechanism is required to arbitrate among competing needs to
send data at any instant. This channel allocation function
may be performed centrally (as in cellular or trunked land
mobile radio systems) or cooperatively among the nodes
contending for access. Such media access control (MAC)
protocols may be further categorized as either contention-
based (e.g., Ethernet) or contention-free (e.g., token passing).

Use of an inappropriate MAC protocol in a wireless net-
work can degrade network performance significantly. One of
the characteristics that can interact strongly with a MAC
protocol is the link “turnaround” time, the delay between ar-
rival of a packet at a node and the beginning of its response.

In this paper, we will analyze the packet radio physical
layer to identify components of link turnaround time. This is
followed by analysis of several common wireless MAC pro-
tocols to discover the effect that long or short link turnaround
times have on their efficiency in allocating time on the chan-
nel. The analytical models are then checked via simulation,
and some guidance is presented for selecting an appropriate
MAC protocol in light of these results.

1.1 Components of Link Turnaround Time

In the analysis that follows, link turnaround time is measured
from the instant that the first data bit of a packet arrives at the
antenna of a node until the instant that the first data bit of a
response leaves the antenna of that node. This is distinct
from the propagation delay, which is the time of flight of a
signal from a sending antenna to a receiving antenna. The
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turnaround time consists of delays in the physical layer for
channel-related functions plus processing time for the MAC
protocol (Figure 1).
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Figure 1. MAC-Layer Turnaround Time

The sublayers shown in the Physical layer represent func-
tional groupings; they do not necessarily indicate implemen-
tation boundaries.

* The communications security (COMSEC) function, if pre-
sent, provides link-by-link encryption of packets. Delays
that may be added by the COMSEC function include serial
communications time to send the first block of a packet to
an external COMSEC device (if using a block algorithm),
processing time, and time to send COMSEC preamble bits
to the modem before the encrypted data bits are sent.

* The modem function provides forward error correction
coding, interleaving to cope with a fading channel, and
channel symbol formation. Delays in the modem functions
include processing time, time to fill the first interleaver at
both the sending and receiving nodes, time for a synchroni-
zation preamble at the beginning of the channel packet, and
time to send the channel symbols composing the packet.

* The radio function represents modulation of the radio fre-
quency carrier by the channel symbols as well as power
amplification as necessary for each application. Settling
time delay (e.g., for transmit level control) after the start of
a transmission usually overlaps the modem preamble.

A simplified timing model that reflects these delays in the
exchange of MAC packets is shown in Figure 2.

Published analyses of MAC protocols (e.g., [1]) usually
consider only packet duration (u), processing time (y), and
propagation delay (t); the other delays, because they are rela-
tively small in technologies such as IEEE 802.11 [2], have
received minimal attention in previous analyses. However,
COMSEC and the measures needed to overcome the chal-
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The probability that there is at least one transmission in a slot
is then P, = 1— (1 - 6)" and the conditional probability that
a that a packet sent is successful is:
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If a node is successful, it will send its data packet and (usu-
ally) receive an acknowledgement. Since the time for each
overhead packet plus the SIFS equals the slot time, the total
time occupied in case of success is

=3T o + T

success slot data + TDIFS

If a collision occurs, the colliding nodes will listen in the
following slot and hear no CTS; other contending nodes de-
tect the collision and make no transmissions. A new conten-
tion window begins with a DIFS after the RTS slot, so the
channel time occupied for a failed attempt is

Tfa|| - Tslot + TDIFS

Using these values, the heavy-load throughput for DCF is:
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1.4 DCHF Model

DCHF, like MACAW, omits physical sensing of the channel,
and is slower to reduce the contention window size than is
DCF. On channel acquisition failure, the protocol doubles
the value of S and tries again; on success it halves S and sends
its data packet. The other features and the basic timing pa-
rameters of DCHF are the same as for DCF.

Latency. Just as for DCF, the average waiting time to send
RTS will be S,;»/2. The average latency, including waiting
time, RTS, and CTS, (no DIFS) will be (2 + S,in/2) Tsior

Throughput. With N nodes competing for the channel, the
situation is more complex. The analysis that follows assumes
that all nodes in contention for the channel during any con-
tention window adjust their backoff range S in unison (due to
the announcement of S values in data packets).

For each possible value for S, we need to compute the
probability of that case, the expected slot number of the first
slot that will contain an RTS, and the probability that only
one node sends an RTS in that slot. The probability that slot i
is the first occupied slot of S, when N nodes are contending
for the channel is
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When N nodes are contending for S slots, we expect the first
occupied slot in a contention window to be
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The backoff states can be analyzed using a Markov chain
(Figure 3), where a success from state S is shown as os.

Figure 3. Backoff Behavior of DCHF

To compute transition rates and state probabilities, we need to
know the probability of success for each value of S condi-
tioned on N nodes in contention during a contention window.
It can be shown that the probability of a successful acquisi-
tion in slot i and the overall probability of success in state S
are
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The state probabilities ps are computed as usual from the o,
and are used to compute Ay, the expected value of the first
occupied slot in a contention window, and Pg,ccess, the prob-
ability of successful acquisition
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If a node is successful, it will send its data packet and (usu-
ally) will receive an acknowledgement. Since the time for
each overhead packet plus the SIFS equals the slot time, the
total time occupied in case of success is

Iimca ess (A + 2) vlot dma

If the first occupied slot in a contention window instead con-
tains a collision, the colliding nodes will listen in the follow-
ing slot and hear no CTS; other contending nodes detect the
collision and make no transmissions. A new contention win-
dow begins with a DIFS after the slot that would have carried
a CTS, so the channel time occupied for a failed attempt is

T = (A+1)T,

fail slot

Using these values, we can compute the expected throughput:
U— Psuccesﬁr Tdata) _ succes(r Tdata)

X===
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1.5 Analytical Results

The latency and throughput results of our protocols are plot-
ted as functions of turnaround time in Figures 4 through 7,
with the following system characteristics:

16) and 50 nodes (S,.x = 128).

* Management overhead is set to Tiygm: = (\/7 N/10) Ty
* The data rate r = 6400 bps, typical of a surface-wave LAN.

* The data packet time for each protocol is Ty, = 4.32 s.
This data tenure was selected as a compromise between re-
sponsiveness and efficiency in the presence of turnaround
times on the order of a second, and to match the “Long”
interleaver setting of the MIL-STD-188-110B Appendix C
HF radio modem.

» Network sizes are 5 (S =
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Figure 4. MAC Protocol Latency (5 Nodes)
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Figure 5. MAC Protocol Latency (50 Nodes)

As expected, the contention-based protocols provide low la-
tency in both large and small networks when the load is light.
The long latencies of TDMA are likewise no surprise. How-
ever, the good performance of token passing in small net-
works may seem anomalous: despite the need to circulate the
token among all of the nodes in the network, token passing is
faster than DCF. This occurs because light-load latency is
dominated by link turnarounds. Passing a token requires only
a single turnaround time per node, with on average N/2 = 2.5
nodes before the token is received. In contrast, DCF waits
through two link turnaround times during its DIFS and re-
quires two more link turnarounds for the RTS/CTS exchange.

Note the benefit to DCHF of omitting the DIFS in both
large and small networks when traffic is light.
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Figure 6. MAC Protocol Throughput (5 Nodes)
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Figure 7. MAC Protocol Throughput (50 Nodes)

Under heavy load, the contention-free protocols (TDMA and
token passing) provide the expected high throughput, though
with some degradation as turnaround times increase. (Note
that TDMA throughput would be insensitive to turnaround
time if we did not require that a node be able to respond in its
assigned slot to a packet received in the preceding slot.)

The contention-based protocols perform poorly under
heavy load. Their saturation throughput approaches that of
the contention-free protocols only when turnaround time is
short, but does not appear sensitive to network size.

The ability of DCHF to hold the contention window near
its maximum size evidently overcomes the extra collisions
that result from omitting the DIFS when traffic is heavy.
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2. DISCUSSION

Contention-based MAC protocols are quite attractive com-
pared to contention-free protocols because of their relative
freedom from network management overhead. Under light
loading, contention-based protocols also offer superior chan-
nel access latency (Figures 4-5). These advantages no doubt
contribute to the popularity of contention-based MAC proto-
cols in current wireless networks such as Wi-Fi (IEEE
802.11b). However, this simplicity in network management
comes at a cost of reduced efficiency in using the medium,
and that cost increases when large turnaround times are im-
posed by the MAC and PHY technology.

Heavy traffic favors MAC protocols that pre-schedule the
channel. Contention-based protocols under heavy load can
approach the throughput of TDMA and token passing when
turnaround times are short, but longer turnaround times se-
verely reduce their effectiveness. This is a direct result of the
need for RTS/CTS handshakes to address the hidden node
problem, with their additional link turnarounds.

Dynamic allocation TDMA protocols were not examined
here, but their timing structure is similar to token passing, and
they may be expected to offer similar performance.

3. SIMULATION OF MAC PROTOCOLS

Simulation models of the MAC protocols were developed
independently of the analytical models, both to provide a
check on the analytical models and for future investigations
of protocol behavior in more detail than is possible using
analytical models.

Simulation results for DCF throughput are compared to
corresponding results from analysis in Figure 8. The results
indicate good agreement: the analytical model appears to
capture nearly all of the turnaround time effects exhibited by
the simulation model.
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Figure 8. Simulation vs Analysis: DCF

4. CONCLUSIONS

This investigation has explored the impact of link turnaround
time on the performance of various channel access protocols.
Under light traffic loading, contention-based protocols such
as the IEEE 802.11 (WiFi) DCF were found to offer lower
latency than contention-free protocols such as TDMA.

Under heavy traffic loads, however, network throughput
is severely degraded if turnaround times are long and a con-
tention-based MAC protocol is used for channel access con-
trol. TDMA provides efficient channel access control under
heavy load, but it has relatively long light-load latency.
TDMA requires network synchronization as well as manage-
ment intervention to assign and re-assign slots to network
members, but it can be insensitive to long turnaround times.

Token passing also requires some overhead, but its per-
formance is attractive under both light and heavy loading.
The exception is large, lightly loaded networks with long
turnaround times, where its performance suffers relative to
contention-based protocols.

4.1  Guidance for Selecting an Efficient MAC Protocol

Factors that favor use of a contention-based MAC protocol
include light traffic (most important), short turnaround times,
and dynamic network membership. Contention-based proto-
cols are also the least sensitive to network size.

When a wireless network must operate near its saturation
capacity, however, a contention-free MAC protocol will pro-
vide higher throughput, especially when link turnarounds are
long. In small networks, token passing excelled for both light
and heavy traffic, and with fast or slow link turnarounds.

4.2  Future Work

This investigation was limited to an initial exploration of the
interaction of turnaround times with MAC protocols. Addi-
tional work is planned in several areas, including MAC inter-
actions with link-layer ARQ protocols and the effects of re-
alistic (lossy) channels, as well as the impact of frequent
changes in network membership.
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