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Abstract Data communications on domestic low-voltage powerlines benefit from a
ubiquitous and already existent infrastructure. Nevertheless, high-speed communica-
tions on this environment faces obstacles such as attenuation and noise. The HomePlug
standard defines MAC- and PHY-layer protocols for home electrical wiring networks.
Its MAC protocol has introduced the deferral counter (DC) mechanism, which adapts
the contention of the nodes for the medium according to the network load. This arti-
cle proposes the Contention window Pro-active Increase (CPI) mechanism to enhance
the performance of HomePlug. The CPI mechanism is based on DC and improves the
HomePlug efficiency by faster increasing the contention window size. As a consequence,
there are fewer collisions and the aggregated throughput increases. Under high network
load, our simulation results show a tradeoff concerning throughput and jitter. CPI im-
proves HomePlug throughput by up to 3% with no jitter increase and by up to 15% at
the cost of additional jitter.

Keywords Home networks - HomePlug - medium access control - CPI mechanism.

1 Introduction

Today, there is an increasing demand for network connectivity. Users wish to be always
on-line for business or for entertainment purposes. Therefore, providing network access
also at home is becoming more and more important. We define a home network as a
local communication system that aims at interconnecting household appliances, sharing
Internet access, and giving support to several applications. Among these applications,
we have video and voice transmission, interactive games, house automation, and home

health care [29)].
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The different home network technologies can be classified in wired, wireless, and
“no-new-wires”, according to the physical medium [25]. Wired technologies need an
infrastructure specifically designed for data transmission. In opposition, the wireless
technology does not use wires. The most successful wired and wireless technologies
today for local networks are Ethernet [13] and IEEE 802.11 [14], respectively. The
upcoming “no-new-wires” technologies still use wires, but take advantage of the existent
in-home infrastructure and do not require new cabling. HomePNA [2, 16, 17, 18] and
HomePlug [6, 23] are two important examples. They use, respectively, the available
domestic phone and electrical wiring. The “no-new-wires” solution drops down the
network final cost because it avoids cabling expenses. The wireless technology, however,
is another cost-effective alternative for home networking because it also reduces network
infrastructure [8].

HomePNA uses phone twisted pairs, which provide lower attenuation and lower
interference than ordinary electrical wires. The drawback of HomePNA is the reduced
number of phone outlets in a residence, usually smaller than the number of electrical
ones. From this point of view, HomePlug has ubiquity as a key advantage because
electrical outlets are everywhere in a home. The problem, however, is that the elec-
trical wiring is a hostile medium for high-speed data communications. In this case,
data transmissions have to deal with high attenuation and high interference, mainly
because of impedance mismatches in the electrical circuits. Therefore, transmissions
on the electrical wiring have to face similar obstacles to those experienced by wireless
transmissions, more specifically by IEEE 802.11 networks. Similar to IEEE 802.11, im-
proving the network capacity is also an important issue to HomePlug. The first has
been extensively analyzed in the literature (e.g. [3, 4, 5, 20, 21, 24, 27]) whereas the
later is not receiving the same research effort.

Many works on HomePlug are dedicated to protocol performance analysis. Some
authors compare HomePlug and IEEE 802.11 MAC protocols in terms of throughput
and network connectivity (e.g. [22, 25]). Lee et al. [23] review in details the HomePlug
standard including physical layer specification and MAC protocol operation. They
present the results obtained from throughput simulations using TCP and UDP traffic
for different number of nodes. Not limited to protocol performance tests, Tripathi et
al. [28] proposed modifications to HomePlug’s MAC protocol to improve data trans-
mission performance in case of a large number of users. In their work, the contention
window and the deferral counter values do not change even if a transmission fails. These
values are set according to the number of contending stations instead. This approach is
rather different from the original HomePlug, in which the contention window and the
deferral counter values change during the network operation according to the success
of each frame transmission. In the last few years, the HomePlug AV standard [1] was
released. The new standard defines PHY rates up to 200 Mbps and uses a combination
of TDMA (Time Division Multiple Access) and CSMA/CA (Carrier Sense Multiple
Access with Collision Avoidance) access methods. TDMA guarantees limited delay for
interactive applications whereas CSMA/CA fully exploits the medium capacity during
data bursts. In addition, the IEEE is currently conducting a strong effort to release
a new standard for broadband over power line networks. The draft standard IEEE
P1901 [15] also uses a combination of CSMA/CA and TDMA medium access methods.
Yoon et al. [30] proposed a modification to CSMA /CA access method of HomePlug AV.
This modification consists of increasing the contention window size if the network is
overloaded and decreasing it, otherwise. They find out through simulations that ad-
justing the contention window is more effective than adjusting the deferral counter. In



this article, we provide an orthogonal approach to the works from Tripathi et al. and
Yoon et al. to improve the performance of HomePlug 1.0.

HomePlug uses CSMA/CA, as well as IEEE 802.11, because of the high medium
attenuation. Most CSMA /CA-based protocols take reactive countermeasures to avoid
collisions. Therefore, they react after a collision has occurred to avoid further ones. In
this work, we propose the Contention window Pro-active Increase (CPI) mechanism to
improve the performance of the HomePlug 1.0 MAC protocol. The basic idea of using
CPI is to avoid collisions by reacting in advance. Using CPI, a station in backoff in-
creases its contention window size upon sensing the medium busy. This leads HomePlug
to take countermeasures even before a collision happens. The CPI mechanism reduces
then the collision probability resulting in better throughput. Although in this paper
we focus on HomePlug 1.0, the CPI mechanism could also be added to HomePlug AV
and to IEEE P1901 because both use CSMA/CA. The performance analysis of CPI
is made via simulations using ns-2 [11]. Our simulation results show improvements in
aggregated throughput for different packet sizes and number of nodes.

This article is organized as follows. Section 2 overviews HomePlug 1.0 MAC proto-
col. Section 3 is dedicated to an important characteristic of this protocol, the deferral
counter mechanism. In Section 4, we introduce the CPI mechanism and derive a math-
ematical expression for the collision probability that indicates the CPI efficiency. Then,
we analyze through simulations the HomePlug performance with and without the CPI
mechanism. Section 5 concludes this article and indicates future directions.

2 Overview of HomePlug 1.0 MAC Protocol

HomePlug 1.0 uses CSMA/CA to control medium access. The electrical wiring has
similar problems to the wireless medium. The high attenuation hinders the transmitter
to detect an eventual collision at the destination [23, 26]. Thus, a station willing to
transmit must first listen to the medium. To determine whether the medium is busy,
stations use virtual carrier sense in addition to physical carrier sense. Virtual carrier
sense uses information from the frame listened to assert the transmission duration and
to establish a virtual allocation vector. Contending stations must wait for the expiration
of their virtual allocation vectors before trying to access the medium. A data frame is
considered successfully transmitted upon receipt of the corresponding acknowledgment
frame (ACK).

HomePlug defines four access priority levels (Channel Access Priority - CAP) to
support quality of service. These priority levels are assigned according to the type
of traffic and are associated to priority classes from CAO to CA3, where CA3 is the
highest.

Stations must wait for the medium to remain idle for at least 35.84 us, the Con-
tention Distributed InterFrame Space (CIFS), to transmit a frame. After CIFS, stations
get into the Priority Resolution (PR) phase. Two slot times, PRO and PR1, are used to
allow attempts to access the medium only from the highest priority flows, as depicted
in Figure 1. Both PRO and PR1 are equal to 35.84 us. These two slots are used to sig-
nalize other stations a binary number which indicates the flow priority. After PR phase,
stations transmitting the highest-priority flows select a random number uniformly dis-
tributed between zero and the contention window (CW) size to start a backoff counter
(BC). After choosing BC, stations initialize a backoff timer (BT) to the chosen value
of BC multiplied by a slot time (s):
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Fig. 1 Data transmission in HomePlug 1.0.

Table 1 HomePlug values for contention window (CW) size and deferral counter (DC).

CA2/CA3  CAO/CA1

BPC

Cw DC CW DC
0 7 0 7 0
1 15 1 15 1
2 15 3 31 3
>2 31 15 63 15

BT = BC x s, where BC € [0; CW].

The slot time is equals to 35.84 pus. As soon as stations start their backoff counter
(BC), they enter into backoff phase. They wait for BC expiration to transmit their
frame. The backoff counter is decremented for each slot time the medium stays idle.

The contention window (CW) size values are listed in Table 1. They are set accord-
ing to the priority class of the transmitting flow. The values for CW size also depend
on the backoff procedure. This procedure increases CW size and sets a variable called
Backoff Procedure Counter (BPC), accordingly. The backoff procedure is invoked after
a collision or when its probability is considerably high, estimated by HomePlug’s Defer-
ral Counter (DC). The key idea of DC is to increase the contention window size even
before a collision occurrence. During the backoff phase, a contending station decre-
ments its DC whenever another station accesses the medium first. If DC reaches zero,
the collision probability is considered high and stations invoke the backoff procedure.
The backoff procedure does not only increase the CW size, as mentioned before, but
also the DC size. If DC is not zero, the contending stations pause their backoff counter
and wait for the medium to be idle again before resuming it. The DC mechanism re-
duces the collision probability because stations tend to operate with higher CW sizes.
When CW and DC reach the maximum values defined by the standard, they remain
the same even if the backoff procedure is invoked again. The maximum values for DC
and CW, when BPC > 2, are listed in Table 1.



During backoff, a contending station listens to the medium and sends its frame
only after backoff counter expiration. As soon as the station transmits its data frame,
it waits for an acknowledgment (ACK). The destination station sends an ACK after
RIFS (Response InterFrame Space), if the data was correctly received. If the sending
station does not receive an ACK after RIFS, it assumes that the transmission failed.
Thus, it invokes the backoff procedure and waits for the medium to become idle again
to retransmit. A retransmission is not required if the corresponding ACK is received.
In this case, the station resets DC and CW to their minimum values.

In the next section, we investigate the DC efficiency in details.

3 Measuring the Deferral Counter Efficiency

We develop two simulation modules for ns-2.26 [11]: a propagation model for the elec-
trical environment and the HomePlug 1.0 MAC protocol. The echo model described
in [10] is used to compute the medium attenuation. This model calculates the trans-
mission range by considering the signal transmitted a sum of different components out
of phase and with different amplitudes. These different components are a consequence
of the multipath transmission in the electrical wiring mainly because of ramifications
and impedance mismatches.

The HomePlug module is sanity checked, as seen in Appendix A. We analytically
derive a simplified expression for the HomePlug 1.0 maximum throughput and verify
that the throughput obtained by the simulation module matches the one expected from
the mathematical analysis.

In this section, we analyze the impact of the deferral counter on HomePlug through
simulations. We choose the PHY parameters which yield the maximum throughput,
as seen in Appendix A. We assume a bit error rate of 107> at the output of the
decoders [12]. In addition, a receiver sends a NACK (Negative Acknowledgment) after
detecting a frame with errors, causing the source to retransmit. All scenarios have a
maximum of 16 transmitters. HomePlug standard states that for more than 16 nodes,
the robust mode must be used. In this mode, HomePlug uses more redundancy to
operate under noisy conditions, as discussed in Appendix A. Our simulation scenario
uses CBR flows, with variable rates, different number of sources, and different payload
sizes. All nodes are within range. We use a confidence interval of 95%.

We define the offered load as the sum of the transmission rates produced by all
nodes in the network. In Figure 2, we vary the offered load keeping the number of
nodes constant. The throughput achieved with DC is always higher than without it
for the same number of sources. The efficiency of the deferral counter mechanism
for CBR flows shows an improvement of near 9% and 32% for 2-node and 16-node
transmission, respectively. The mechanism reduces the number of collisions resulting
in higher throughput. Note that we plot the curve for a one-node transmission as a
basis for comparison. In a one-node transmission, the throughput achieved must be the
same with or without DC because there is no medium contention.

The minimum offered load which saturates the network is verified. With only one
transmitter, the results with and without DC are similar because there is no medium
contention. The effect of DC before saturation is worth noting (Figure 2). The through-
put with DC is already higher when 2 nodes offer between 6 and 7 Mbps. Similarly,
when 16 nodes produce from 4 to 5 Mbps, the throughput is already higher with DC.
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Fig. 2 Throughput of CBR flows varying the offered load.
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Fig. 3 Throughput of CBR flows varying the payload size.

Figure 3 plots the throughput for different payload sizes. Each node offers 14 Mbps.
The throughput using small packets is lower, because of larger overhead. Additionally,
the number of collisions increases with the number of nodes. As seen in Figure 3, the
throughput is higher with DC independently of the number of sources and payload
sizes. Moreover, the advantage of DC is proportional to the number of nodes because
the collision probability grows. This suggests that the deferral counter is more effective
when the network is saturated.

4 The Contention Window Pro-active Increase (CPI) Mechanism

The Contention window Pro-active Increase (CPI) mechanism is based on HomePlug’s
deferral counter. The goal of the proposed mechanism is to improve collision avoidance.
The key difference from original HomePlug is that, using CPI, stations in backoff must
always stop their backoff counter (BC) if they sense another ongoing transmission
before their own. In a following opportunity, the deferring stations must reset their
BC, increment its CW size, and choose another BC to contend for the medium. The
sequence of CW sizes used is the same of the original HomePlug (Table 1). The CPI



mechanism avoids more collisions by forcing stations to operate with higher CW sizes.
In a few words, the operation of HomePlug using CPI is the same as using the deferral
counter always equal to zero.

The backoff counter starts with a random number chosen in the interval [0, CW],
as seen in Section 2. Higher CW sizes produce a wider range of BC values, reducing the
probability that two or more stations choose the same slot time to transmit. Hence,
rapidly increasing the CW size is inversely proportional to the collision probability. On
the other hand, this strategy may lead to a higher jitter as will be seen in Section 4.1.
In this section, we derive an expression for the collision probability using CPI. This
expression considers the following assumptions:

— stations independently choose their BC;

— the probability to choose one BC is uniformly distributed;
— different stations may have different CW sizes;

there is no residual BC.

Taking into account the above assumptions, Expression 1 gives the probability,
using CPI, that a station successfully transmits at any slot time during backoff. Let
i and j be the source nodes, N the set of nodes, and n the number of nodes in the
network. Additionally, let W; and W; denote, respectively, the number of slot times
nodes ¢ and j have in their respective contention window during backoff. The value of
W; is equal to CW; + 1, where CW, represents the contention window size of node i.
Therefore, node i randomly chooses one slot time out of W; possibilities to transmit
a frame. Considering that station ¢ chooses the " slot time in W;, the successful
transmission probability corresponds to the probability that station ¢ chooses the rth
slot time and all the other stations choose a slot time after r:

n
W-_
Pt:Wiix 11'[¢ IJ/I/jT,iandjeN\N:{l,...,n}. (1)
J=L07

If the values of W; increase for all stations j, the probability of one transmission
at the r*" slot time tends to W when W; — oo. This result is equivalent to the
probability that a station, transmitting alone chooses any slot time to transmit among
the W; possibilities. When W; — oo, a station j cannot choose a slot time equal to
or lower than the r** slot time to transmit, thus P; tends to the transmission of a
single station. If on the other hand W; — r then P — 0, because all stations collide.
The number of stations also influences the transmission probability. Nodes i and j
compete for the medium as long as W; is similar to W;. When the number of nodes

tends to infinity, P; — 0 because WIfV;T < 1. Expression 1 is not conditional because,
using CPI, contending stations always increment their CW size after sensing another
ongoing transmission. Therefore, there is no residual BC.

Generalizing Expression 1, the probability of a transmission by any of the n sta-
tions during a backoff phase (Figure 1) is given by Expression 2. Note that the total
successful-transmission probability must consider successful-transmission probability of
every node, which are mutually exclusive events. Otherwise, a collision would happen,
which contradicts our initial claim.

P = ZW 11 S 2)

Jj=1,5#i



The r*" slot time chosen for transmission must belong to the interval [1, Wi,in],
where

Winin = min{Wo, ..., Wn }.

This upper bound is needed because we assume that all nodes have a frame to transmit.

Therefore, a transmission certainly occurs within the backoff phase of the nodes with

the smallest CW size. Mathematically, considering r € [1, Wy,,in], we guarantee that

every multiplier in H;'Lzl,j i WIjVi:T is greater than or equal to 0. Otherwise, P; could

be negative, meaning that the medium is already occupied by another transmission.
As a transmission can occur at any slot time, we have:

Winin
S I Y ®
W W,
r=1 i=1 j=1,j#t
In Expression 3, if W; — oo, then > I, Wit X H?:1 i Wv’Vijr tends to the one

node transmission. In this case, all the terms in the sum tend to zero except the one
related to the transmission probability of station ¢, which tends to W Thus, P =1
because the transmission of this single node must happen at any slot time. Once again,
note that the successful-transmission probability must consider the probability of every
node successfully transmits at any slot time.

The collision probability P is given by Expression 4. Note that if W; — oo, Py — 1
whereas P: — 0. Nevertheless, if the values of W; — r or if n — oo, then P — 1. The
proposed mechanism accelerates the increase of W, therefore decreasing the collision
probability. Expression 4 also shows that P. is independent of the packet size, assuming
that all nodes are within transmission range.

i & Wi —r
Yy T 0
r=1 i=1 j=1,5#1

Figure 4 illustrates the curve obtained with Expression 4 for collision probability.
In this example, we assume that there is one node ¢ using W;=8 and the other nodes j
using W——CWmax +1. We plot curves for different CW 44 sizes to check the influence
of the W; increase on collision probability. Note that increasing W;, the collision prob-
ability tends to a one-node transmission as expected. The collision probability does
not depend on the transmission mode used, namely normal or ROBO. Therefore, we
extrapolate the number of nodes to 100.

The original HomePlug reacts slower compared to using the CPI mechanism be-
cause of the lower CW values. As a consequence, the collision probability (Expression 4)
increases. On the other hand, the CW size cannot increase indefinitely because it would
increase the jitter, as analyzed in Section 4.1.

4.1 Simulation results

We implement the proposed CPI mechanism in the HomePlug module described in
Section 3. In the simulation scenarios the nodes transmit CBR over UDP traffic, using
1500 and 512-byte packets. Nodes are within the same transmission range, which is
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Fig. 4 Collision probability example.

computed using the echo model The bit error rate used is 1075, The number of stations
in the network varies from 1 to 16 and the load generated by each station is 14 Mbps.

The behavior of the CPI mechanism is also evaluated for different maximum con-
tention window (CWpnaz) sizes. The CWipnqz values used are 63, as defined by Home-
Plug 1.0, 127, 255, and 511. These results are also computed with confidence level of
95%. We assume that all nodes transmit frames using the same channel access priority,
and CW size increases according to the values seen in Table 1.

Figures 5 and 6 plot the network aggregated throughput for 1500 and 512-byte
packets, respectively. Results show the advantage of CPI when the network is over-
loaded. Using the proposed mechanism, the throughput decrease with the number of
nodes becomes slower, mainly if considering larger CW,qz sizes. This result is in
accordance with Expression 3, which shows that when CW increases the network ag-
gregated throughput tends to the throughput achieved by a single node. It is worth
noting though, that the throughput gains are not proportional to the CW 44 increase.
The gains in throughput obtained increasing CWpqz from 63 to 127 are proportion-
ally higher than the gains obtained increasing CWyqz from 127 to 255. The impact
of using higher CWy,qz sizes is more significant when the collision probability is high.
This behavior is independent of the packet size used. Depending on the number of
sources and on the CWyqz size, the throughput gain varies. For 1500-byte packets, it
can reach up to 3% and 15% using CPI with CW ez = 63 and 511, respectively. An
important remark is that using the same CW s defined by the HomePlug standard,
CWae = 63, we already achieve gains in throughput. If not under saturated condi-
tions, the CPI mechanism would not be so effective. In this case, a less conservative
backoff procedure would be interesting.

We have also measured the average delay of the successfully transmitted frames,
from its reception at the MAC sub-layer of the source to its successful reception at
the destination. If a collision or a channel error occurs during the packet transmission,
the additional delay for retransmission is also taken into account. We consider the
propagation delay negligible.

Figures 7 and 8 plot the average delay for 1500 and 512-byte packets, respectively.
The delay decreases for both packet sizes using CPI. Increasing CW faster results in
fewer collisions and, consequently, fewer retransmissions. Therefore, even introducing
a higher medium access time, because of the larger contention window size used, CPI
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reduces the delay for a larger number of nodes. This is because, in average, the time
needed for a retransmission is larger than the time spent to access the medium. Another
important remark is that by increasing CWyqz, the average delay decreases. This is
because the nodes that do not access the medium increase their CW sizes faster, which
reduce their probability to access the medium. Thus, the number of stations that
contend for the medium is temporarily smaller — those are restricted to the stations
with small CW values. Thus, as the number of nodes in conditions to access the medium
is reduced, the average delay decreases. The tradeoff, as we will shortly see, is the
jitter increase. If the value of CWy,qq indefinitely grows, the average delay tends to
the average delay of a single source, in accordance with Expressions 3 and 4.

A collision occurs whenever more than one station transmits in the same time slot.
We define the collision percentage metric as the number of collisions divided by the
total number of transmission attempts. Figures 9 and 10 show that transmitting at
14 Mbps, regardless the packet size, the collision percentage is equivalent. This is be-
cause the collision probability is not a function of the frame size, as seen in Expression 4.
Increasing the CW size, the collision percentage decreases because the probability that
at least two nodes choose the same slot time to transmit is reduced. The behavior
obtained in Figures 9 and 10 follow the same behavior obtained in Figure 4.
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We have also analyzed the effects of CPI mechanism on jitter. In this work, we
define jitter as the standard deviation of the average delay. An increase on jitter can
be a consequence of: multiple retransmissions or fast CW size increase. In both cases,
an increase on jitter represents a short-term unfairness in medium access. In CPI
case, this is an interesting effect because CPI avoids retransmissions but at the same
time increases faster the CW size. Increasing faster the CW size, the probability of
successive transmissions by the same station is high because the CW value set is equal
to the minimum value (CW,,;,,) possible. In opposition, contending stations have their
chances to access the medium reduced because choosing a backoff counter (BC) small
enough becomes more difficult. Therefore, the short-term unfairness is a consequence of
periods using high and low CW sizes. This phenomenon can be seen on jitter because
it represents periods of high and low delay to transmit a packet.

Figures 11 and 12 plot the jitter for our simulated scenarios. The CPI mechanism
with CWiee = 63 reduces the jitter compared to the standard HomePlug for higher
loads, independently of the packet size. Therefore, the higher number of retransmissions
influences more the jitter than the faster CW increase. Nevertheless, when CWy,qz >
63, HomePlug with CPI has a higher jitter. In this case, the effects of faster CW
increase influences more than multiple retransmissions. Using higher CWy, s values,
nodes that do not access the medium tend to additionally postpone their transmissions.
This leads to a more severe unfairness in medium access.

We observe a clear tradeoff between jitter and collision probability, or, ultimately,
a tradeoff between jitter and throughput.

Figures 11 and 12 show that the jitter of the original HomePlug has the fastest
increase. With more nodes, the number of collisions increases faster with original Home-
Plug than with HomePlug using CPI. This directly impacts on jitter, showing that even
increasing faster the CW size, the use of CPI with CW,qz = 63 improves the per-
formance of HomePlug under all aspects analyzed. Besides, using CW a2 = 63 is an
important characteristic because we maintain the original CWynqz size of HomePlug.

The CPI mechanism can be also introduced to other CSMA /CA-based protocols,
such as IEEE 802.11, to further improve their efficiency [7].
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5 Conclusion

HomePlug is the most used standard for data transmission over the home electrical
wiring. In this article, we have proposed the Contention window Pro-active Increase
(CPI) mechanism, which improves the throughput in HomePlug networks.

We have also analyzed the main characteristics of the HomePlug standard, em-
phasizing on its deferral counter mechanism, whose basic idea to avoid collisions is
to increase the medium access average time under high network load. By analyzing
HomePlug MAC, we have evaluated the DC efficiency in avoiding collisions. Using DC
yields an improvement of up to 31% over DC-less HomePlug. This result has motivated
the design of the CPI mechanism.

The mathematical analysis has shown that by increasing the CW,q, values the
network throughput tends to the throughput achieved by a single source node. The
results obtained through simulation for the proposed mechanism are in accordance with
the mathematical collision probability expression. Then, the CPI mechanism has been
incorporated into the HomePlug simulation module in ns-2 [11]. Results have verified
that the CPI mechanism improves the HomePlug throughput for different packet sizes
and number of sources. We have also analyzed the effect of using larger values for the
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maximum contention window (CWinaz) size. Varying CWinaz from one to eight times
the original CWy,q, = 63, defined in the HomePlug standard, improves the network
throughput and reduces the average delay and number of collisions. We have verified a
throughput gain of up to 15% using CPI. Nevertheless, the tradeoff is that using higher
CW nae values also increases the jitter of the network.

The use of CPI with CW,qe = 63 produces the best performance gains when
taking all the aspects analyzed into account. Our future work will investigate the use
of a dynamic mechanism which adapts the CW 4 value to the network load. In
addition, we plan to implement the CPI mechanism in HomePlug AV and perform
measurements in a real prototype.
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A HomePlug 1.0 Maximum Throughput

This appendix derives a simple mathematical expression for HomePlug 1.0 maximum through-
put, which can be used as sanity check for our HomePlug 1.0 simulation module.

The HomePlug 1.0 standard uses the spectral band from 4.49 to 20.7 MHz. OFDM (Or-
thogonal Frequency Division Multiplexing) is used with 84 sub-carriers evenly spaced. Among
these 84 sub-carriers, 8 can be disabled to avoid interference with amateur bands. Each OFDM
symbol has a duration of 8.4 us.

The PHY payload of HomePlug consists of a number of blocks with 20 or 40 OFDM sym-
bols each, encoded on a link-by-link basis using Reed-Solomon and convolutional concatenated
codes. The division in blocks is employed to avoid the impulsive noise that can damage symbol
sequences. The damage can be more severe especially when using differential modulation be-
cause at least two symbols are lost at a time. The convolutional encoder has constraint length

7 and code rates of % or 3, selected during the channel adaptation. The Reed-Solomon code,

4 k)
which is used next, has coding rates ranging from % to ggi.

Taking into account all the above PHY transmission parameters, the physical layer can offer
up to 139 different rate combinations, ranging from 1 to 14 Mbps. Additionally, HomePlug has
a especial mode, called ROBO (ROBust OFDM), which uses greater redundancy to operate un-
der noisy conditions. The ROBO mode uses DBPSK (Differential Binary Phase Shift Keying)

modulation, with a redundancy level that reduces the symbol rate to % bit/symbol/sub-carrier.

It also uses a Reed-Solomon code with different code rates, which range from % to %. The
ROBO mode reduces the maximum transmission rate to 0.9 Mbps.

The maximum 14-Mbps transmission rate of HomePlug 1.0 is obtained using the maximum
number of sub-carriers and the parameters of error correction codes that produce the minimum
redundancy. The 8 sub-carriers that can be disabled due to amateur band are also used. Hence,
as the symbol rate per second is equal to ﬁus’ using 84 sub-carriers, a 107 symbols/s rate

is obtained. Using DQPSK (Differential Quadrature Phase Shift Keying) modulation, which
employs 2 bits per symbol, a 20 Mbps maximum rate is reached. Nevertheless, the error
correction codes use some of these bits to offer higher robustness to HomePlug. Therefore,
the maximum throughput taking the error correction redundancies out is 14 Mbps, which is
approximately 20 Mbps x % X %. This is not yet the effective data transmission rate since it
neglects the overhead due to delimiters, interframe spaces, backoff, headers, and other required
fields as seen in Figure 13.

We make the following assumptions for simplicity to compute the maximum throughput
of HomePlug 1.0:

— there is one node transmitting and one node receiving;
— there is always one frame about to be transmitted;
the bit error rate is null;

— frames are always successfully transmitted.

Figure 13 illustrates the overhead incurred in the transmission of a HomePlug frame.
Expression 5 computes the HomePlug maximum throughput (R).

R =

Mbps, 5
o+t s (5)

where d is the payload size in bits, o is the overhead time in microseconds, and t the payload
transmission time in microseconds. A HomePlug frame is composed of the header, the variable
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Fig. 13 Times needed for a HomePlug 1.0 frame transmission.

field, the FCS (Frame Check Sequence), the start and the end of frame delimiters, and the EFG
(End-of-Frame Gap), as depicted in Figure 13. The End-of-Frame Gap is a delay allocated for
the processing of the frame received. The time spent with overhead, o, is given by:

o= (CIFS+ PRO+ PR1 + backof f + 3 x delim. + RIFS + EFG) us
o= (35.84 4+ 35.84 + 35.84 + 3.5 X 35.84 + 3 X 72+ 26 + 1.5) us
0 = 476.46 ps. (6)

All stations must correctly receive the delimiters as well as the priority resolution signals.
Therefore, they are sent using all the sub-carriers, with the same modulation and the same cod-
ification, regardless the data sender or receiver. The term backof f of Expression 6 represents
the average backoff time taking into account the initial size of the contention window. Hence,
backoff = % X (slot time) = T x35.84 s since we are assuming neither contention nor
bit error rate. The header, the FCS, the encryption control (E¢y;), the encryption padding
(Epad), and the ICV (Integrity Check Value), which is the Ethernet FCS, are included in the
data transmission time because they are sent at the same rate as the data. The HomePlug
header is composed by a segment control plus the Ethernet source and destination addresses
(SA and DA). The Epgyq is required because the encryption algorithm employed uses blocks
of 8 bytes. Thus, besides the data, there is a 34-byte overhead plus the Ep,q added to the
number of symbols to be transmitted. The number of symbols transmitted is denoted by ns.
The payload transmission time, ¢, is equal to the number of symbols, ns, multiplied by the
time needed to transmit one symbol, 8.4 us.

t =nsx8.4 us. (7)

The value of ng depends on the number of bits per symbol (m) which is a function of the
used modulation, the number of sub-carriers (n.), the multiplication of the two error correction
code rates (c), and the number of symbols per block (n;) as shown in Expression 8. The data is
transmitted into 20- or 40-OFDM symbol transmission blocks to combat impulse noise. Thus,
the block padding fills the last physical transmission block with zeros if the number of symbols
of the frame is not a multiple of the used block size. Thus, in Expression 8, the number of
blocks must be rounded up. Larger block sizes are more robust against noise, however, may
lead to higher overhead.

1 d+ (34+ FE x 8
ns = ’V— X + (34 + Bpad) —‘ xnp symbols. (8)
ny mXmneXc
The encryption padding, Ep,q, is calculated as shown in Expression 9. The payload size

(d+ Epgaq) must be a multiple of 8 bytes. Thus,
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Fig. 14 Maximum throughput of the HomePlug MAC protocol.

Epad = [&—‘ X 8 — g bytes. 9)
Replacing 6, 7 and 8 into 5 the maximum throughput of HomePlug 1.0 is obtained:
- d Mbps. (10)
476.46 + [ x TEHEEELa)XE] oy, 8.4
For the maximum throughput, m = 2 bits/symbol, n. = 84 sub-carriers, ¢ = % X % and ny

= 20 symbols per block. Figure 14 plots the maximum throughput obtained with Expression 10
for different payload sizes. In Figure 14, the full line represents the theoretical values whereas
the dots are the values obtained through simulation. We observe that the simulation points
match the theoretical curve.

The maximum throughput has a saw-tooth shape due to the padding inserted in the frames
to keep the number of symbols per block always a multiple of 20. The periodic falls happen
when another block of symbols is needed. As the payload increases, the padding decreases and
the throughput grows until another block is needed.

A more precise calculation of the HomePlug maximum throughput must consider medium
contention and bit error rates. This is not our purpose in this article, however, we encourage
readers to take a look at [9, 19].



