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Abstract— In general, a power amplifier utilizes battery energy more
efficiently with a higher transmission power. For a given message, a given
bandwidth constraint and a given performance constraint, different allocations of the bandwidth among source coding, channel coding and modulation result in different amounts of battery usage. We propose a method
to optimize the bandwidth allocation and minimize the battery consumption due to transmission. Our results show that with the optimal allocation, significant reduction in battery consumption can be achieved without
sacrificing the system performance.
Keywords— Bandwidth allocation, battery consumption optimization,
coded modulation, transmission over wireless channels.

I. I NTRODUCTION

B

ATTERY usage for portable devices in mobile communications has been studied from various aspects. For example, [1] proposed to exploit the networking infrastructure, by
shifting part of the computation off the mobile unit, thus conserving the battery consumption of the mobile. In [2], a battery
conservation management method is proposed to minimize the
battery consumption by switching the battery to different operational modes depending on the network packet transmission
properties. These two examples minimize the battery consumption from an algorithmic and protocol point of view. Battery
consumption optimization utilizing properties of the hardware
are also proposed as in [3], where the CPU of the mobile is
scheduled to run at different frequencies according to the load;
and also as in [4], where the charge recovery properties of the
battery under bursty discharge conditions are exploited. In this
paper, we exploit a characteristic of the power amplifier of the
mobile units. By optimally allocating the bandwidth to source
coding, channel coding and the modulation constellation, the
power amplifier can work more efficiently and thus reduce the
battery consumption of the mobile unit.
II. S YSTEM OVERVIEW

The system block diagram is given in Figure 1. The system consists of a uniform source (a scalar source uniformly
distributed on [0, 1)), a source coder, a channel coder, and a
modulator.
There are W source symbols that need to be transmitted. The
source encoder codes each of the W symbols into rs bits, where
rs , in bits-per-symbol, is the source code rate. These W rs bits
are coded to Wrcrs bits by the channel coder with channel code
Acknowledgment: This research was partially sponsored by the Center for
Wireless Communications of UCSD, the UC Discovery program of the State
of California, and Ericsson Wireless Communications Incorporated.

IEEE Communications Society / WCNC 2005

W
symbols

Source
Coding

Wr s

Channel
Coding

bits

W

rs
rc
bits

k

2 − ary
Modulation

W rs
symbols
rc k

Channel
Decoded
symbols

Source
Decoding

Wr s

Channel
Decoding

bits

W

rs
rc
bits

De−
Modulation
W rs
symbols
rc k

Fig. 1. System overview.
rs
rate rc , and then mapped to W
rc k symbols to be transmitted
k
across the channel with a 2 -ary modulation scheme, where
k is the alphabet size. At the receiver, noise corrupted symbols are recovered and then decoded to the best source code
points. The performance of the system is measured by the endto-end distortion, D, between the transmitted symbols and the
decoded symbols.
There are two constraints on the system. First, the bandwidth
is limited to C¯0 Hz, which translates to a transmission rate that
is upper bounded by C symbols per second after pulse shaping.
Second, the system has to achieve an end-to-end distortion D ≤
D0 . We would like to find the optimal source code rate, r̂s , the
optimal channel code rate, r̂c , and the optimal alphabet size,
M̂ = 2k̂ , that minimize the battery drain, Bd , in coulombs.

III. A NALYSIS
A. System Performance
We assume that the source symbols are scalars uniformly distributed over [0, 1), and that the source encoder is an rs -bit uniform quantizer concatenated with a random index assignment.
From [5], we know that the system performance, i.e., end-toend distortion, is
1 −2rs 1
2
+ Pe (rs , rc , k, Pout ) , (1)
12
6
where Pout is the output power of the amplifier, i.e., the power
of the transmitted symbol, and Pe is the index error rate. In (1),
note that here we have explicitly expressed the probability of
error as a function of Pout .
D(rs , rc , k, Pout ) ≈

B. Battery Drain
We make the following assumptions:
The battery drain primarily comes from the power amplifier
of the transmitter, meaning the computation power consumption from the system is negligible.

•
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600

The power amplifier is operating in its linear region.
• The battery is ideal, i.e., it has a constant voltage and a constant capacity, where neither of them depend on the value of
the load [6]. Here the battery capacity refers to the amount of
energy a battery can deliver under normal operating conditions,
usually expressed in ampere-hours, watt-hours, or similar units.
With these assumptions, the battery drain is given by
•


Bd =

0

Tx
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where Pout is the instantaneous output power of the amplifier,
Psat is the saturation power of the amplifier, IBatt is the instantaneous battery discharge current, and
Tx =

W rs
rc kC

(3)

is the total transmission time.
The properties of the power amplifier play a crucial role in
formulating this optimization problem. Reference [7, Fig.2]
gives the battery discharge current, IBatt , as a function of the
output power of the amplifier, Pout (in dBm), for a typical cellular band system. The figure given in [7], as well as other
similar amplifier figures in the literature, can be modeled by

0
−20
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where f0 = 0.0321, f1 = 0.638. Both the original measured
data and the fitted curve are plotted in Figure 2. It is worth
noting that in the area of amplifier design, a good amplifier
should be as linear as possible, corresponding to a smaller f2 .
The output power region shown in Figure 2 gives the normal output power range of a wireless unit [7]. From this curve,
we can see that for every 3dB increase, or doubling, of the
output power Pout , the battery current Ibatt increases less than
a factor of two. In other words, with this amplifier, a higher
transmission power utilizes the battery more efficiently. This
is true in general for amplifiers. More explicitly, if P1 > P2
and P1 · T1 = P2 · T2 , transmitting with power P1 for T1 seconds uses less charge from the battery than transmitting with
power P2 for T2 seconds. This property of the power amplifier directly affects the optimization results. For example, with
a higher alphabet size, there are fewer symbols to transmit for
the given message, thus each symbol can be transmitted with
a higher power for the same transmission energy, and consequently uses the amplifier more efficiently. On the other hand,

0

The battery consumption is given by

i=0

(6)

−5

a higher order two-dimensional constellation results in a larger
probability of error for a given Eb /No , which counterbalances
the advantage given by the amplifier. Thus, there exists an optimal k for the system.

Ts

0
Tx

IBatt (Pout (t + iTs ))dt
−1

Ts
Ts 
IBatt,avg (Pout (t + iTs ))  Tx · I¯Batt ,
= Tx ·
Tx i=0

The coefficients fi , i = 0, 1, 2, 3, can be determined for specific
10f2
amplifiers, and f3 = ln
10 . For example, in [8], we modeled the
measured results in [7, Fig. 2] as
I(Pout ) = f0 + f1 e0.1Pout,dB ,

−10

Fig. 2. Measured and modeled amplifier battery current property of [7, Fig.2].

IBatt (Pout ) ≈ f0 + f1 ef2 Pout,dB = f0 + f1 e10f2 ·log10 Pout .
(4)
Equivalently,
f3
IBatt (Pout ) ≈ f0 + f1 Pout
.

−15

(7)
where I¯Batt is the equivalent constant battery current, and
IBatt,avg is the battery current averaged over the i-th symbol
duration, defined as
 Ts
1
IBatt,avg (i) 
IBatt (Pout (t + iTs ))dt .
(8)
Ts 0
Assume a) most of the energy of the shaping pulse resides in
the time duration [0, Ts ], so that the energy of the shaping pulse
outside of the symbol duration can be ignored, and, b) there
is no filtering in the amplifier, so the transition between the
symbols does not cause significant distortion to the shape of
the pulse in each symbol duration. Then we have
Pout (t + iTs ) = Pi · h(t) ,

(9)

where Pi is the average power of the ith transmitted symbol,
and h(t) is the shaping pulse which has energy 1 over [0, Ts ].
Substituting (9) into (8), we have, using (4),
IBatt,avg (i) =
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10f2 ·log10 Pi

=f0 + f1 e

1
·
Ts

10f2 ·log10 Pi

=f0 + f1 h0 e
where

1
h0 
Ts



Ts

0



Ts

0

e10f2 ·log10 h(t) dt

,

(10)

e10f2 ·log10 h(t) dt

I¯Batt

−1

Ts
2 −1
Ts 
1  (j)

IBatt,avg (i) ≈ k
I
,
Tx i=0
2 j=0 Batt,avg
k

(12)

(j)

where IBatt,avg is the average battery current in the interval
[0, Ts ], assuming the jth point in the constellation is transmitted during that interval. Let P̄ be the average power of the
constellation, and assume the jth symbol of the constellation
has power P (j) = aj P̄ . Then, from (12),
1
I¯Batt ≈ k
2
=

1
2k

k
−1
2

(j)
I¯Batt,avg

j=1
k
−1 
2

f0 + f1 h0 e10f2 ·log10 P

(j)



j=0

=f0 + f1 h0 M0 e10f2 ·log10 P̄ ,

(13)

where
2 −1
1  10f2 ·log10 aj
e
.
M0  k
2 j=0

or


W rs 
Bd =
· f0 + f3 h0 M0 P̄ f3 .
rc kC
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64QAM
0.9387

1 −2r̂s 1
2
+ Pe (r̂s , rc , k, Pout )
12
6
1 −2r̂s
1
=⇒D0 − 2
≥ Pe (r̂s , rc , k, Pout )
12
6

1 −2r̂s
=⇒D̄0  6 D0 − 2
≥ Pe (r̂s , rc , k, Pout ) . (17)
12
D0 ≥

(15)

Note that M0 is determined by the constellation. For example,
for all PSK modulations, aj = 1, and therefore M0 = 1. The
values of M0 for some QAM constellations for the model in
Figure 2, where f2 = 0.1, are listed in Table I. We call M0 the
constellation factor. For the same average power, a constellation with a smaller M0 induces a smaller battery drain. For
example, for the same transmission power, 64QAM will induce
a smaller battery drain than 32QAM, 16QAM, and QPSK. In
general, the higher the order of the constellation, the smaller is
M0 , i.e., the more efficiently the battery works. On the other
hand, from the performance point of view, for the same average power, the higher the order of the constellation, the smaller

32QAM
0.9454

Our goal is to optimize Equation (15), subject to the constraint given by (1). The bandwidth constraint is embedded in
the transmission time Tx , as shown in Equation (3), and thus is
in Equation (15).
In [9], we show that for most practical systems, the source
code rate that minimizes the battery consumption is either r̂s =
r0 or r̂s = r0 + 1, where r0 is the smallest integer that satisfies
1 −2r
< D0 . With the optimal source code rate determined,
12 2
we only need to find the optimal channel code and constellation
size that produce the smallest Bd and satisfy

(14)

(16)

16QAM
0.9470

IV. O PTIMIZATION

Together with Equation (7), we have

W rs 
· f0 + f1 h0 M0 e10f2 ·log10 P̄
rc kC

8QAM
0.9345

is the Euclidean distance between different symbols, and the
larger is the error rate. To meet the system performance requirement, a higher order constellation requires a larger average transmission power.
In summary, (15) or (16) gives the battery consumption for
a given constellation and a given shaping pulse, subject to the
following assumptions:
• The symbols in the constellation are equally probable.
• The number of transmitted symbols is much larger than the
constellation size.
• The energy of the shaping pulse in the intervals (−∞, 0) and
(Ts , +∞) can be ignored.
• The distortion of the signal at the signal boundaries, i.e., at
iTs , where i is an integer, is negligible.

k

Bd =

QPSK
1

TABLE I
S OME M0 VALUES FOR QAM MODULATIONS .

(11)

is a constant determined by the shaping pulse, h(t).
With the assumptions that the symbols in the constellation
are equally probable, and that the number of symbols transmitted, Tx /Ts , is much larger than the constellation size 2k , we
have
Tx

M0

For any given 2-tuple (rc , k), since Pe is a continuous decreasing function of Pout , the smallest transmission power that
satisfies (17) satisfies it with equality. Also, since the battery consumption in (15) is an increasing function of Pout , the
smallest Pout that satisfies (17) also gives the least battery consumption for a given (rc , k). Therefore, the inequality performance constraint is equivalent to the equality constraint given
by
D̄0 = Pe (rs , rc , k, Pout ) .
(18)
The error performance of the concatenated convolutional
code and the modulation is not a simple function of either the
channel code rate, rc , or the modulation alphabet size, k. Also,
the structure of the convolutional code and the mapping of the
channel code bits to the modulation symbols are significant factors that determine the performance. These properties make it
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hard to obtain closed-form expressions for the error probability. In this section, we present an optimization procedure for
arbitrary codes without going into the details of either the convolutional code structure or the mapping of the modulated signals. In the next section, we illustrate the optimization results
for some specific systems.
Aside from the constellation factor, Mo , defined in the previous section, there are two other properties of a code that are
of importance to the optimization. The first one is the number
of source bits per modulated symbol, α  rc k, which directly
determines the message duration Tx when both W and rs are
known. The larger α is, the shorter is the time needed to transmit the given message of length W .
In [10], the effective coding gain is used to measure the reduction of Eb /No (or SN R) of coded modulation schemes for
a given target error performance. It is used to compare the performance of different codes with the same information rate in
[10]. In this paper, we define a similar concept, SNR coding
gain, Γ, to compare the SN R requirement to achieve a target
error performance. The difference between Γ and the effective coding gain defined in [10] is that Γ allows the comparison
between codes with different information rates. This way, we
can compare the energy usage among codes with these different rates. To elaborate, for a given error performance, if code
2 has a Γ dB gain over code 1, then the signal-to-noise ratios
of these two codes that are needed to achieve this performance
have the following relationship:
SN R1,dB − SN R2,dB = Γ .

(19)

For a given noise figure of the receiver and a given transmisEs
sion symbol rate, SN R ∝ N
∝ P̄ Ts , where Es is the average
o
signal energy, No /2 is the two-sided noise power density, P̄ is
the average transmission power, and Ts is the symbol duration.
Note that
 
 
Es
Es
P̄1,dB − P̄2,dB =
−
No 1,dB
No 2,dB
= SN R1,dB − SN R2,dB = Γ .

(20)

It is easy to see that the SNR coding gain, Γ, indicates a level
of power reduction. Or, more specifically, for a given error
performance, if system 1 has an average power P̄1 , and system
2 has Γ dB SNR gain over system 1, then system 2 requires an
average transmission power of
P¯2 = P̄1 × 10−0.1Γ ,

(21)

to achieve the same error performance.
Our general optimization problem is formulated as follows:
Assume system 1, with channel code rate rc and alphabet size
k, satisfies the performance constraint given in (18). Its battery
consumption is given by (15) with Pout = P̄ . If we change
the channel code rate to rc and the alphabet size to k  , what is
the gain, Γ, of code 2 over code 1, that is needed in order for
system 2 to consume at most the same battery charge as system
1?
IEEE Communications Society / WCNC 2005

Assume the constellation factors of code 1 and code 2 are
M0 and M0 , respectively. Also, assume P̄dB − P¯ dB = Γ,
α = rc k and α = rc k  . From (16), we want


W rs 
W rs 
f
· f0 + f1 h0 M0 P¯ 3 ≤
· f0 + f1 h0 M0 P̄ f3 )


rc k C
rc kC

 

f0
α
M0
α
f
−1
⇐⇒P¯ 3 ≤
+ P̄ f3
α
f1 h0 M0
α
M0
M0
10
⇐⇒10 log10 P̄ − 10 log10 P¯ ≥ − log10  + 10 log10 P̄
f3
M0

 

f0
α
10
α  f3
−1
−
log10
+ P̄
f3
α
f1 h0 M0
α
M
10
0

⇐⇒Γ = PdB − PdB
≥ − log10 
f3
M0
+

10
log10
f3

 α
α

P̄ f3
 f0
− 1 f1 h0 M0 +

α f3
α P̄

(22)

The right hand side of (22) shows how much gain the second
system has to have in order to result in at most the same battery drain as the first system. If the gain is larger than Γ as
given in (22), the second system consumes less battery charge,
and vice versa. This equation can be used to find the optimal
system among a set of possible codes, as long as we know the
parameters M0 , α and Γ.
V. R ESULTS
In this section, we present examples of the optimization results for the trellis codes given in [11, Table III]. There, for
each binary convolutional code, Ungerboeck searched different mappings from the convolutionally coded bitstream to PSK,
AMPM, and QAM signal constellations for the largest minimum distance. Simulation results of the error performance of
these “good” codes are also given. For each row in [11, Table
III], the convolutional codes are the same for different modulations, so the number of states for each trellis is the same, which
in turn provides the same channel decoding complexity for a
fair comparison across different trellis codes. Figure 3 shows
the constellations that are used in [11], and are subsequently
used in this section. The 8QAM and 32QAM constellations
in Table I are also shown here. Note that the 8AMPM and
32AMPM constellations used in this section are different from
the 8QAM and the cross 32QAM constellations shown in Figure 3.
For fixed W and rs , Table II shows the tradeoffs between
different trellis codes that are given on the second line of [11,
Table III]. In Table II, all transmission times are normalized
to the transmission time of the uncoded BPSK constellation,
T0 = W rs , I¯Batt is calculated from P̄out by using Equation
(13), where we assume h0 from Equation (11) equals 0.9 , and
Γ is the SNR gain compared to the coded 8AMPM constellation, whose average transmission power is assumed to be 6
dBm. The procedure for calculating Γ for each code is shown
in Table III, where signal-to-noise ratios at a bit error rate of
10−5 are used. Since the error rate curves for all constellations

1147

0-7803-8966-2/05/$20.00 © 2005 IEEE

Modulation
8AMPM
16QAM
32AMPM
64QAM

rc
2/3
3/4
4/5
5/6

k
3
4
5
6

M0

α

Tx

0.9470
0.9470
0.9387
0.9387

2
3
4
5

T0 /2
T0 /3
T0 /4
T0 /5

Γ
dB
0.0
-2.9
-6.7
-9.7

P̄out
dBm
6
8.9
12.7
15.7

I¯Batt
mA
81.4
98.0
127.7
161.1

Bd = Tx I¯Batt
millicoulomb
40.7T0
32.7T0
31.9T0
32.2T0

TABLE II
BATTERY CONSUMPTION COMPARISON FOR TRELLIS CODES IN [11, TABLE III]. A MPLIFIER PROFILE FROM F IGURE 2.

8−AMPM

8−QAM

32−QAM

16−QAM

32−AMPM
Fig. 3. Signal constellations

64−QAM

are virtually parallel for low bit error rate, these Γ values for a
different bit error probability in the parallel region will remain
unchanged. All values in the table are in dB.
The data in the first row are obtained from [11], [12], [13],

and, b) the transmission time Tx for the higher order constellation is shorter, there exists an optimal code which results in the
least amount of battery consumption. The final optimization
result in this table is the combination of the effects of a) and b).
Figure 4 shows the battery consumption for several different
constellations. Each of the five curves corresponds to a different value of the average transmission power, P̄out,coded 8AMPM .
For a given number of symbols per second, C, a given
noise spectral density, No , and a given channel code as well
as the bits-to-symbols mapping, specifying P̄out,coded 8AMPM
is equivalent to specifying the error performance constraint,
D̄0 , since they have a one-to-one correspondence. Here,
we used P̄out,coded 8AMPM instead of D̄0 to parameterize each
curve. This is because for different values of No , the same
P̄out,coded 8AMPM corresponds to different values of D0 , but as
long as P̄out,coded 8AMPM and the SNR coding gains between
these constellations are the same, the corresponding curve in
Figure 4 will be exactly the same.
100
90

a: coded 2k -ary
8AMPM 16QAM 32AMPM 64QAM
k−1
b:uncoded
2
-ary
QPSK 8AMPM 16QAM 32AMPM

Es

 No a
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a
b
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Γ
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9.6

12.5

16.3

19.3

0.0
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-6.7
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80
From bottom to top, P
70
Bd

60

T0

50

out,8AMPM

= −12, −6, 0, 6, 12, 18 dBm

40
30

TABLE III
Γ VALUES FOR DIFFERENT CODES COMPARED WITH CODED 8AMPM
MODULATION .





20
10
8AMPM

Es
[14]. Note that the value of N
for 32AMPM obtained
o
uncoded
from [11] is an approximation.
From Table II, 32AMPM with a channel code rate of 4/5 is
the best trellis code among the four codes shown. We see that
a higher order constellation needs to transmit the symbols with
a higher power. But, since a) from the amplifier profile, the
amplifier is more efficient for higher transmission power (e.g.,
I¯Batt only increases by a factor of two when the transmission
power increases by 9.7 dB in going from 8AMPM to 64QAM),

IEEE Communications Society / WCNC 2005

16QAM

32AMPM

64QAM

Fig. 4. Battery consumption for different P̄out,coded 8AMPM for trellis codes in
[11, Table III]. Amplifier profile from Figure 2.

For each P̄out,coded 8AMPM value, the points in Figure 4 are calculated the same way as in Table III. The third curve from the
bottom on Figure 4 shows the results from Table II. As in Table II, the battery drain is in millicoulombs, and is normalized
by a factor of T10 = W1rs . As shown in Table II, the transmission times for the different codes are T0 /2, T0 /3, T0 /4, and
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T0 /5 for the constellations from left to right on the x-axis. To
be more explicit, take the bottom curve as an example. The
bottom curve corresponds to a P̄out,coded 8AMPM = −12 dBm.
From Table II, we know the average powers of the other three
constellations are −12 + {2.9, 6.7, 9.7} = {−9.1, −5.3, −2.3}
dBm. Substituting these values into Equation 13, we obtain
the I¯Batt values for each constellation. By multiplying these
I¯Batt values with their individual transmission times, we arrive
at the Bd values shown in the plot.
For the bottom three curves in Figure 4, where the average
transmission powers for all constellations are low compared
with the other curves, the power amplifier is much more efficient for higher order constellations than for lower order constellations. The combined effect of the shorter transmission
time and the more efficient power amplifier usage results in the
64QAM draining the least amount of battery charge among all
four trellis codes.
As we move up to the fourth curve from the bottom, the
transmission power increases for all constellations, and the amplifier becomes more efficient for all constellations, causing the
advantage of the amplifier efficiency for higher order constellations to diminish. Even though the shorter transmission time
advantage remains the same, the coded 64QAM is no longer the
optimal code when P̄out,coded 8AMPM increases to 6 dBm. When
P̄out,coded 8AMPM increases to 12 dBm (the fifth curve from the
bottom), the optimal code among the four is coded 16QAM,
with a channel code rate rc = 3/4. In both Table II and Figure 4, the amplifier profile in Equation (4), with f0 = 0.0321,
f1 = 0.038, and f2 = 0.10, is used.
From Figure 4, we can see that as transmission power increases in going from the bottom curve to the top curve, the
advantage of the larger transmission power of the higher order
constellation diminishes. But the advantage for the second amplifier profile diminishes slower than that of the first amplifier
profile. Therefore, the second amplifier favors a system with
larger constellations more than the first amplifier does.
In this paper, the examples are given only for the trellis codes
studied in [11]. However, the optimization can be carried out
for any codes as long as we know the constellation factor, M0 ,
the number of source bits-per-symbol, α = rc k, and the performance gain, Γ.
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