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An Analytical Energy Consumption Model for
Packet Transfer over Wireless Links

Javad Vazifehdan, R. Venkatesha Prasad, Martin Jacobsson, and Ignas Niemegeers

Abstract—We provide a detailed analytical model for esti-
mating the total energy consumed to exchange a packet over
a wireless link. Our model improves many of the current models
by considering details such as consumed energy by processing
elements of transceivers, packet retransmission, reliability of
links, size of data packets and acknowledgments, and also
the data rate of wireless links. To develop the model, we use
experimental results based on IEEE 802.15.4 devices to show that
consumed energy for receiving erroneous packets is comparable
to the consumed energy for receiving error-free packets.

Index Terms—,

I. INTRODUCTION

ATA communication with high energy efficiency is an

important requirement in wireless networks. To address
thig, we need accurate models of energy consumption. Without
the use of such models, any designed mechanism may not be
optimal and any analysis may result in poor approximation.

In this letter, we develop a mathematical model for energy
consumption of nodes for packet exchange over wireless links.
Inclusion of details such as consumed energy by processing
elements of transceivers, reliability of wireless links, packet
retransmissions at the MAC (medium access control) layer,
size of data and acknowledgment packets, and data rate of
wireless links makes our model very detailed compared to the
other models [1]-[3].

Studies such as [1], [2], only model consumed energy
during a single transmission and reception of a packet. They
do not take into account the effect of packet retransmission
at the MAC layer on gnergy consumed for packet exchange.
By taking into account the effect of packet retransmission, our
model brings into picture the effect of reliability of wireless
links on the energy consumption of nodes. Our model also
enhances the proposed model in [3] by limiting the number
of times that a lost packet is allowed to be retransmitted. It
is assumed in [3] that there is no limitation on the number of
transmission attempts. Furthermore, [3] assumes, without any
verification, that the same amount of energy is consumed for
receiving lost and error-free packets. We used 2.4 GHz IEEE
802.15.4 devices to verify this assumption by showing that a
high percentage of lost packets over a wireless link are dis-
carded after being completely detected by the receiver. These
packets are discarded due to CRC (cyclic redundancy check)
failure, which is performed on detected and reconstructed
packets at the receiver. This implies that the consumed energy
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for receiving lost packets is comparable with the consumed
energy for receiving packets successfully.

The rest of this letter is structured as follows: We present
the energy consumption model in Section II. In Section III, we
determine the expected number of transmission attempts of a
data packet and its acknowledgment. We present experimental
and simulation results in Section IV. We conclude in Section
V.

II. ENERGY CONSUMPTION MODEL FOR PACKET
EXCHANGE OVER WIRELESS LINKS

Consumed energy by nodes during packet transmission
could be abstracted into two distinct parts [1], [2]. The first
part represents the energy consumed by the processing circuit
of the transmitter (baseband processing). The second part
represents the energy consumed by the power amplifier of
the transmitter to generate the required output power for
data transmission over the air. On the other hand, the energy
consumed by a node to receive a packet could be abstracted by
only one part, which is the energy consumed by the receiving
circuit including the low noise amplifier (LNA) of the receiver.

Let (u,v) denotes the wireless link between sender u and
jfeceiver v. Let r be the rate at which u transmits data to v over
the physical link (u,v), P; be the power required to run the
processing circuit of the transmitter, P, be the power required
to run the receiving circuit, P, , be the transmission power
from u to v, and k be the efficiency of the power amplifier.
The energy consumed by w to transmit a packet of length x
bits over (u,v) is

Puv Puv

r

ey

in which T is the time required to transmit x bits with the
rate rbps. The energy consumed by v to receive the packet
from wu is

Wy (T, ) = TT;L’ 2)
The transmission power P, , could be the maximum trans-
mission power of nodes P,,,,. Alternatively, it could be the
power adjusted due to fransmission power control scheme [4].

In accordance with wireless technologies IEEE 802.11 and
IEEE 802.15.4, we assume that the receiver transmits an
acknowledgment to the sender for each correctly received
packet. If the sender does not receive an acknowledgment,
it will retransmit the packet. This may happen because ei-
ther the packet or its acknowledgment is lost. The sender
retransmits the packet until it receives an acknowledgment,
or the maximum number of transmission attempts M is
reached. Therefore, a packet or its acknowledgment might be
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transmitted m < M times. This means, the actual energy
consumed to exchange a packet over a wireless link must
include the energy consumed during retransmissions as well.
Let X € {1,2,..,M} be the number of times that a
packet is transmitted, including the first transmission, and
Y €{0,1,2,..., M} be the number of acknowledgments trans-
mitted for the packet. For the time being, let us assume that the
energy consumed by the receiver for receiving and decoding
a corrupted packet is the same as the energy consumed for
receiving an error-free packet. In Section IV, we shall verify
this assumption. Let L, (bits) denote the size of the data
packet transmitted from v to v, L, (bits) denote the size of
the acknowledgment, Ry denote the data rate with which the
data packet is transmitted by u, and R, denote the data rate
by which the acknowledgment is transmitted by v. The total
consumed energy by w to deliver the packet to v is

et(u, U) = Xgu,v (Ld7 Rd) + ywv,u(Lm Ra)A (3)

Similarly, the total energy consumed by v to receive the packet
is

er(uy /U) = qu,U(Ld7 Rd) + y5v7u(La> Ra)

P.L P, .\ L 4
sy (p Tl O

Rd Ra )

The value of X and ) depends on reliability of the forward
link (u,v) for data packets and reliability of the reverse link
(v, u) for acknowledgments. Thus, the total consumed energy
by nodes to exchange a packet over a wireless link depends
on reliability of the links as well. It may even happen that the
receiver consumes more energy compared to the sender. This
of course depends on various parameters in (3) and (4).

In the next section, we determine the probability density
function (PDF) of X and ). This allows us to determine
the expected number of times that a data packet is trans-
mitted E[X] as well as the expected number of times that
an acknowledgment is transmitted for the data packet E[)).
They are needed to calculate the expected amount of energy
consumed by the sender and the receiver to exchange a data
packet, which are as follows:

Elei(u,v)] = E[X] (Pt + i) 1]32_3 +ED) Plr%ﬁa

Eler(u,v)]

)
ELX) 5t + BV (P + B £

III. EXPECTED NUMBER OF TRANSMISSION ATTEMPTS OF
DATA AND ACKNOWLEDGMENT PACKETS

A packet will be transmitted m times if the packet itself
or its acknowledgments is lost in the last m — 1 transmission
attempts. Therefore,

m—1
(1 _pQ) ) pg, m = 17 >M - 17
(1—pg)™ ™", m=M,

Pr{X = m} = {

’ (©)
where p is the delivery probability of a data packet of size Lq
bits transmitted over (u,v), and ¢ is the delivery probability
of an acknowledgment of size L, bits transmitted over (v, u).
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From (6), we have

M-1
BlX] =M1 —pg)™ "+ > mpg(1 —pg)™ "
m=1 (7)
_1-Q-pg"
Pq '
To ilfrive (7), we used the identity > _ 2™ = Z(tz’;? —
nlziz considering z = 1 — pg and n = M — 1. Note that

for sufficiently large M, (1 — pq)™ — 0. Thus, we can write
that E[X] — pl. This means, for any limited value of M, we
have E[X] < .

Next, we determine Pr{) = m}, Vm € {0,1,..., M}. If a
data packet is lost during all possible transmission attempts,
no acknowledgment will be transmitted for it. Hence, Pr{) =
0} = (1 — p)M. On the other hand, an acknowledgment will
be transmitted M times for a data packet, if the data packet is
received correctly in every transmission attempt, but all M —1
acknowledgments transmitted for it are lost. Thus, Pr{) =
M} =pM(1—g)M L

Let us calculate the probability of transmitting 0 < m < M
acknowledgments for a data packet. An acknowledgment is
transmitted only when the data packet is correctly received.
Of course, a packet might be received correctly after a number
of transmission attempts. If the transmitted acknowledgment
for the packet is lost, the sender will retransmit the packet.
Hence, another acknowledgment will be transmitted, if the
data packet is again received correctly after a number of
attempts. We should also notice that the maximum number
of transmission attempts of a data packet is limited, which
adds to the complexity of the analysis.

To determine Pr{) = m, 0 < m < M, we consider two
possible cases. In the first case, the M*" transmission of the
data packet never happens, because the sender receives an
acknowledgment for the packet before reaching the maximum
transmission attempts M. In such a case, m — 1 out of the
first n — 1, Vn € {m,m +1,m + 1 ..., M — 1}, transmission
attempts of the data packet could be successful, but all
m — 1 acknowledgments transmitted for it should be lost. The
mt" transmission of the data packet must be successful, and
its acknowledgment must also be received successfully. The
probability of this event isy

M—-1
n—1 m— m— n—1—(m—
By =Y (m_l)p Hl—gm (1 —p) " pg

In the second case, the sender transmits the data packet
M times, because it has not received an acknowledgment
after M — 1 attempts. Here, we face two subcases. In the
first subcase, m — 1 out of the first M — 1 transmission
attempts of the packet are successful, but all its m — 1
acknowledgments are lost. The M*" transmission attempt of
the packet is also successful, which triggers transmission of
the m'" acknowledgment. The probability of this event isy

M-1 m—1 M—-1—(m—1 m—1
Ez—(m_l)p (1 =p)M (1 — gy,
In the second subcase, m out of the first M — 1 transmission

attempts of the packet are successful, but all m acknowledg-
ments transmitted for it are lost. The M*" transmission attempt
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of the packet fails, which prevents transmission of another
acknowledgment. The probability of this event isy

B (M a0 -

The probability of transmitting 1 < m < M — 1 acknowledg-
ments for the packet is then E; + E5 + E3. In summary,

(1—-p)M, m=0;
E1—|—E2—|—E3 m:lM—l,
pM(A =) m= M.

Pr{y =m} = ®)

Given p and ¢, we can compute E[)] for any value of M using
its PDF given by (8). Unfortunately, no closed-form expression
could be found for E[)] when M is finite. However, if there
is no limitation on the number of transmission attempts of
a packet, M — oo, we can find a closed-form expression.
In such a case, a packet can be retransmitted as many times
as required until the receiver receives the packet successfully.
Therefore, the expected number of times that an acknowledg-
ment is transmitted for a packet is simply E[)Y] = %. As a
result, for any limited value of M we have E[)] < %.

Using (5) and considering the two inequalities, E[X] < ﬁ
and E[)] < %, the expected energy consumed by sender and a
receiver to exchange a packet over the wireless link is upper-
bounded as

IN

P’lt.’U T a
Blew,o)) < (P B ) g+ B
()

Blen(u,0)] < Lkt + (P + Z) Lo

— pqRq

where the equality happens if M is unlimited.

IV. EXPERIMENTAL AND SIMULATION RESULTS

According to IEEE 802.11 and IEEE 802.15.4 standards,
there are several possibilities in which a packet could be lost.
The packet may not be detected by the physical layer (PHY)
at all due to low received signal to noise ratio or due to
corrupted preamble. Even if a packet is detected completely,
it may contain erroneous bits. Some errors might be corrected
by FEC (Forward Error Correction) techniques. Nevertheless,
some bits may still remain erroneous after FEC. Then, CRC
is performed to ensure the reception of error-free packets to
higher layers. If a packet fails to pass CRC, it will be discarded
(lost). We used T-mote devices based on the CC2420 chipset
(IEEE 802.15.4) to show that a high percentage of packets lost
over a wireless link are CRC-failed packets. Note that CRC
is performed on packets which have been detected completely
(like error-free packets). Hence, we may conclude that most
of the time nodes consume the same amount of energy to
detect a lost packet as that of receiving the packet correctly. To
verify this, we modified T-mote devices to report CRC-failed
packets too. Only packets which have not been detected at all
were not reported to higher layers. The receiver was placed
at different distances from the sender to have different signal
strengths. At each location, 100000 packets were transmitted
by the sender. The receiver counted both error-free received
packets and CRC-failed packets. As Fig. 1 shows, even if only
10% of the packets are received error-free, around 55% (65%)
of them have been detected (correct reception or erroneous)
for 10Byte (100Byte) packet sizes. That is, when practically

100 rie 100 T
Pid o L L
.- . a--"
90 A K 1 90| /
/
. .
, 80 Rl S 1, 80 A"
g * ’ g ‘
5 5
£ 70 a £ 70 e
= ' <
E] / B z £
=4 , , g
2 ocop P 2 60| .
=] A . =) 2
E ‘ 3 /
2 s0 , 2 50 h
g ° g I
& . £ :
Z a0 ;) = 40 K
o ' P '
2 ' g
= 30 ‘ £ 30 !
3 - ©- Error—free Received Packets 3
& = A= Detected Packets (Error—free + CRC—failed) & "
20 T = 20[- @ Err Received Packets
H - A d Packets (Error—free + CRC—failed)
o ¢ 10 @/
®

Q
—92 —91.5 —91 —90.5 —90 —89.5 —89
Mean RSSI [dBm]

(b) Packet size = 100 Byte

—92 =915 91 —90.5 —90 —89.5 -89
Mean RSSI [dBm]

(a) Packet size = 10 Byte

Fig. 1. Percentage of received and detected packets as a function of the
mean received signal strength indicator (RSSI).
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Fig. 2. Total energy consumed by a sender and a receiver to exchange a
packet over a physical link. We assumed 6 = 1 x 10~4, P, = P, = 100mW),
Py,v =200mW, k =1, Ry = Rq = 250kb/s, M = 4, L, = 30B. Size of
the preamble is one octet.

there is no link between the two nodes due to high packet
drop rate, many of the transmitted packets have been detected
completely. When quality of the link improves, the percentage
of detected packets gets closer to 100%. For instance, in
Fig. 1(b), when 5% of transmitted packets are received error
free, 92% of them have been detected. Only 8% have not been
detected at all. Thus, if there is a link between two nodes with
an acceptable quality, the consumed energy for reception of
lost packets is almost equal (on an average) to the consumed
energy for reception of error-free packets.

We also present simulation results to verify the accuracy
of our energy consumption model. In our simulatons, 100000
data packets are transmitted over a physical link between a
sender and a receiver to measure the average amount of energy
consumed to exchange a packet. &, ,,(z,7) and w,, ,(x,r) are
consumed for each transmitted and received packet, respec-
tively. Nevertheless, if an erroneous bit is detected at the
preamble of a packet, no energy is consumed for reception
of that packet!. We also compute theoretical values and their
upper bounds using (5) and (9), respectively. To this end,
we compute the delivery probability of a packet of size
l € {La, L} bits as (1—5)!, where § is the bit error rate of the
link. As Fig. 2(a) shows, the analytical model can accurately

'We assume bit errors in a packet occur independently from each other.
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predict the total energy consumed to exchange a packet over a
link. The upper bound tends to be very tight when packet size
decreases. Moreover, we observe in Fig. 2(b) that neglecting
the impact of MAC retransmissions and energy consumption
of processing elements of transceivers by existing models can
result in substantial inaccuracy in estimating the total energy
required for packet exchange over wireless links. In Fig. 2(b),
PAMAS, used in [5], refers to a model which neglects the
impact of MAC retransmissions as well as energy consumption
by processing elements of transceivers. BAMER, used in [6],
refers to a model which considers the impact of MAC re-
transmissions but neglects energy consumption by processing
elements of transceivers. MTTPR, used in [7], is similar to
PAMAS with the difference that MTTPR considers the energy
consumed by processing elements of the receiver. We observe
that existing models are not very accurate compared to our
model especially when the packet length is higher.

V. CONCLUSION

We provided an analytical model for energy consumed to
exchange a packet over a wireless link. The accuracy of the
model was verified using experimental and simulation results.
We used T-mote devices (IEEE 802.15.4) to show that the
consumed energy for receiving lost and error-free packets
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are comparable, since a high percentage of lost packets are
discarded due to CRC failure. The next step is to use this
accurate energy consumption model to design energy-efficient
protocols for wireless multi-hop networks.
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