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Abstract—Wireless systems where the nodes operate on batte-
ries so that energy consumption must be minimized while satisfy-
ing given throughput and delay requirements are considered. In
this context, the best modulation strategy to minimize the total
energy consumption required to send a given number of bits is
analyzed. The total energy consumption includes both the trans-
mission energy and the circuit energy consumption. For uncoded
systems, by optimizing the transmission time and the modulation
parameters, it is shown that up to 80 % energy savings is achievable
over nonoptimized systems. For coded systems, it is shown that
the benefit of coding varies with the transmission distance and the
underlying modulation schemes.

Index Terms—Energy efficiency, minimum frequency-shift
keying (MFSK), modulation optimization, multilevel quadrature
amplitude modulation (MQAM).

I. INTRODUCTION

ECENT hardware advances allow more signal processing

functionality to be integrated into a single chip. It is
believed that, soon, it will be possible to integrate an radio
frequency (RF) transceiver, analog-to-digital (A/D) and digital-
to-analog (D/A) converters, baseband processors, and other ap-
plication interfaces into one device that is as small as a coin and
can be used as a fully functional wireless node. Such wireless
nodes typically operate with small batteries for which replace-
ment, when possible, is very difficult and expensive. Thus, in
many scenarios, the wireless nodes must operate without bat-
tery replacement for many years. Consequently, minimizing the
energy consumption is a very important design consideration.
In [1], Goldsmith and Wicker show that the hardware, the link
layer, the MAC layer, and all other higher layers should be
jointly designed to minimize the total energy consumption. The
1AMPs project [2] at MIT and the PicoRadio project [3] at
Berkeley are investigating energy-constrained radios and their
impact on overall network design.

Achieving an optimal joint design across all layers of the
network protocol stack is quite challenging. Therefore, pair-
wise optimization of the hardware and link layer designs is
considered. The energy consumption associated with both the
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transmitting path and the receiving path, i.e., the total energy
required to convey a given number of bits to the receiver for reli-
able detection, is investigated. Assuming all nodes transmit and
receive about the same amount of data, minimizing the energy
consumption along both the transmitting path and the receiving
path at the same time is more appropriate than minimizing
them separately.

The issue of energy saving is significant since in a wireless
node, the battery energy is finite and, hence, a node can only
transmit a finite number of bits. The maximum number of bits
that can be sent is defined by the total battery energy divided
by the required energy per bit. Most of the pioneering research
in the area of energy-constrained communication has focused
on transmission schemes to minimize the transmission energy
per bit. In [4], Verdu discusses some optimal strategies that
minimize the energy per bit required for reliable transmission
in the wideband regime. In [5], El Gamal et al. propose an
optimal scheduling algorithm to minimize transmission energy
by maximizing the transmission time for buffered packets. In
[6] and [7], some other scheduling methods are proposed to
minimize the transmission energy. The emphasis on minimizing
transmission energy is reasonable in the traditional wireless link
where the transmission distance is large (> 100 m) so that the
transmission energy is dominant in the total energy consump-
tion. However, in many recently proposed wireless ad hoc net-
works (e.g., sensor networks), the nodes are densely distributed,
and the average distance between nodes is usually below 10 m.
In this scenario, the circuit energy consumption along the signal
path becomes comparable to or even dominates the transmis-
sion energy in the total energy consumption. Thus, in order
to find the optimal transmission scheme, the overall energy
consumption including both transmission and circuit energy
consumption needs to be considered. In [8], some insightful ob-
servations are drawn for choosing energy-efficient modulation
schemes and multiaccess protocols when both transmission en-
ergy and circuit energy consumption are considered. It is shown
that M -ary modulation may enable energy savings over binary
modulation for some short-range applications by decreasing
the transmission time. In [10], uncoded multilevel quadrature
amplitude modulation (MQAM) is analyzed in detail, and op-
timal strategies to minimize the total energy consumption are
proposed for additive white Gaussian noise (AWGN) channels.
In this paper, these ideas are extended to a detailed tradeoff
analysis of the transmission energy, the circuit energy con-
sumption, the transmission time, and the constellation size for
both uncoded and coded MQAM and minimum frequency-shift
keying (MFSK) in AWGN channels. This analysis also takes
peak-power and delay constraints into account.

For both MQAM and MFSK, the total energy consumption
required to meet a given BER requirement by optimizing the
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Fig. 1. Transceiver circuit blocks (analog).

transmission time is minimized. The transmission time is
bounded above by the delay requirement and bounded below by
the peak-power constraint. The transmission energy is analyzed
via probability of error-bound approximations, and the circuit
energy consumption is approximated as a linear function of
the transmission time. From this optimization, the optimal
constellation size for MQAM and for MFSK is also found.
The effects of coding is modeled by the coding gain and the
corresponding bandwidth expansion wherever applicable. For
MQAM, trellis-coded modulation is studied for the energy-
minimization problem. For MFSK, a convolutionally coded
system is discussed, where it is shown that the benefits of
coding varies with the transmission distance.

The remainder of this paper is organized as follows.
Section II describes the system model. Section III solves the
energy-constrained modulation problem for uncoded MQAM
and MFSK, respectively. Section IV discusses the energy-
minimization problem for coded MQAM and MFSK. Section V
discusses the optimization algorithms. Section VI makes some
comments on the possible extension to the multiple-access
scenario. Section VII summarizes the conclusions. Power
estimation models for various circuit blocks are discussed in
the Appendix.

II. SYSTEM MODEL

A communication link connecting two wireless nodes is
considered. In order to minimize the total energy consumption,
all signal processing blocks at the transmitter and the receiver
need to be considered in the optimization model. However, for
typical energy-constrained wireless networks such as sensor
networks, the throughput requirement is usually low such that
the baseband symbol rate is low. It is also assumed that no
complicated signal processing techniques such as multiuser
detection or iterative decoding are used. Thus, the power con-
sumption in the baseband is mainly defined by the symbol rate
and the complexity of the digital logic. This power consumption
is quite small [9] compared with the power consumption in
the RF circuitry, which is closely related to the carrier fre-
quency. Thus, at this stage, the energy consumption of baseband
signal processing blocks (e.g., source coding, pulse-shaping,
and digital modulation) are neglected to simplify the model.
The resulting signal paths on the transmitter and receiver sides
are shown in Fig. 1, where it is seen that on the transmitter side,
the baseband signal is first converted to an analog signal by

Filter
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the digital-to-analog converter (DAC), then filtered by the low-
pass filter and modulated by the mixer, then filtered again, and
finally amplified by the power amplifier (PA) and transmitted
to the wireless channel. On the receiver side, the RF signal is
first filtered and amplified by the low noise amplifier (LNA),
then cleaned by the antialiasing filter and downconverted by the
mixer, then filtered again before going through the intermediate
frequency amplifier (IFA) whose gain is adjustable, and finally
converted back to a digital signal via the analog-to-digital
converter (ADC). The last-stage demodulation is done digitally.
Although this model is based on a generic low-IF transceiver
structure, the framework can be easily modified to analyze other
architectures as well.

It is assumed that the transceiver circuitry works on a multi-
mode basis: When there is a signal to transmit, all circuits
work in the active mode, when there is no signal to transmit
they work in the sleep mode, and when switching from sleep
mode to active mode, there is a transient mode. The multimode
operation provides a significant savings of energy when the
sleep mode is deployed.

It is assumed that a node has L bits to transmit with a dead-
line T'. This setup can be justified in a typical sensor network
where each sensor periodically takes measurements, encodes
these measurements into a certain number of bits, and transmits
them to a central processor. The measurements must arrive at
the processor in a timely manner for effective processing. In this
scenario, the transceiver spends time Tp;, < 7' to communicate
these bits, where Ty, is a parameter to optimize, and then
returns to the sleep mode where all the circuits in the signal
path are shut down for energy saving. Although the transient
duration from active mode to sleep mode is short enough to be
negligible, the start-up process from sleep mode to active mode
may be slow due to the finite phase lock loop (PLL) settling
time in the frequency synthesizer. Thus, the transmission period
T is given by T' = T}, + Ti,, + Tip,, where Ty, is the transient
mode duration, which is equal to the frequency synthesizer
settling time (the start-up process of the mixer and PA is fast
enough to be neglected), and Ty, is the sleep mode duration.
Correspondingly, the total energy consumption E required to
send L bits also consists of three components

E = PonTon + RpT’@p + Ptthr
= (Pt + PcO)Ton + Psstp + P T (D
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where P,,, Py, and P, are power consumption values for
the active mode, the sleep mode, and the transient mode,
respectively. The active mode power P,, comprises the trans-
mission signal power P, and the circuit power consumption
P,y in the whole signal path. Specifically, P,y consists of
the mixer power consumption Py, the frequency synthesizer
power consumption Fsyy,, the LNA power consumption Py na,
the active filter power consumption Pgj; at the transmitter,
the active filter power consumption Pg), at the receiver, the
IFA power consumption Pira, the DAC power consumption
Ppac, the ADC power consumption Popc, and the PA power
consumption Py, where Puy,p, = P, and o = /1 — 1 with
71 the drain efficiency [11] of the RF PA and ¢ the peak-to-
average ratio (PAR), which is dependent on the modulation
scheme and the associated constellation size. Although strictly
speaking, P, should be part of the total amplifier power con-
sumption, here, P, is defined as the value excluding the
transmission signal power for convenience. The calculation of
Pira, Papc, and Ppac is based on the model introduced in
the Appendix.

Since batteries are not only energy limited but also peak-
power limited, the total power consumption of either the
transmitter or the receiver can never exceed the maximum
available battery power. The maximum power available for the
transmitter signal path is denoted as Py, .xt, Which is equal to
the maximum battery output power at the transmitting node
minus the total power consumption in all other circuits inside
the same node. The maximum power available for the receiver
signal path P, is defined in the same manner. Since P, =
max{ Py, P, Psp }, the peak-power constraints are given by

Porlt:Pt+Pan1p+Pct:(1+Q)Pt+Pct < Praxt
Ponr :Pcr < -Pmaxr (2)

where P, 1is the value of F,, at the transmitter and
P, is the value of P,, at the receiver. Meanwhile, P,; =
Prix + Psyn + Pais+Ppac and Pcr:Pmix+Psyn+ Prna+
Prir + Pira + Papc denote the circuit power consumption
(excluding the PA power consumption) in the active mode at
the transmitter and the receiver, respectively. In the following
sections, P.Toyn = (Put + Per)Ton will be used to denote the
total circuit energy consumption.

The start-up time for other circuit blocks is negligible com-
pared to that of the frequency synthesizers. Hence, the optimal
strategy for the start-up process is to turn on the frequency
synthesizers first and, once they settle down, turn on the rest
of the circuits. As a result, there is no energy wasted while the
transceiver waits for the frequency synthesizers to settle down.
Hence, P;; merely needs to include the power consumption of
the frequency synthesizers.

In the sleep mode, the power consumption is dominated by
the leaking current I; of the switching transistors if the circuitry
is properly designed. Since the leaking power consumption is
usually much smaller than the power consumption in the active
mode (which may not be true for deep submicron complemen-
tary metal oxide semiconductor (CMOS) technology [11]), it
is neglected in the proposed model. Thus, P, = 0 is set. The
analysis can be easily modified to incorporate Py, # 0.
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Given (1) and (2), and the fact that Py, = 0 and P, = 2Py,
the energy consumption per information bit E, = E/L is
given by

(1 =+ Oé)PtTon + PcTon + PtthI‘
L

(1 + Oé)Et + PcTon + 2Psynjj‘nr
L

E, =

~
~

3)

where Ey = PyT,y,, and P., Py, and T, can be treated as
constants defined by the particular transceiver structure in use.
It can be shown [12] that the transmission energy F; is a
monotonically increasing function of the bandwidth efficiency
defined as B. = L/(BT,,) (in bits per second per hertz). In
other words, E; is a monotonically decreasing function of
Ton for any fixed packet size L and bandwidth B.

One thing that needs to be pointed out is that since the model
shown in Fig. 1 is a generic model, it may need some modifica-
tions for specific systems. For example, the mixer and the DAC
at the transmitter side are not needed for MFSK systems since
frequency modulation is usually implemented digitally inside
the frequency synthesizer. As a result, for MFSK, the P, term
in all the energy consumption formulas should exclude the
energy terms related to the mixer and the DAC on the trans-
mitter side.

Finally, the energy-constrained modulation problem can be
modeled as

minimize F,

subjectto 0 < Ty, <T — T,
O§(1+Q)Pt+Pct§Pmaxt 4

where it is seen that the task is to find the most efficient way to
choose the transmission time under the given system constraints
so that the total energy consumption is minimized. For the two
constraints, the first one corresponds to the delay constraint
and the second one corresponds to the peak-power constraints.
Since P, is independent of the design variables, the constraint
0 < P, < Pyax: 18 notincluded in the optimization model and
it is assumed that it is satisfied by default. From the resulting
optimal 7T,,, the optimal constellation size for a particular
modulation scheme can be obtained.

III. UNCODED MQAM AND MFSK
A. Uncoded MOAM

MQAM is first taken as a design example. Analysis is done
over an AWGN channel. For MQAM, the number of bits per
symbol is defined as b =logy M. The number of MQAM
symbols needed to send L bits is denoted as Ly = L/b. If
the symbol period is denoted as T, L can also be represented
as Ly = Ton/Ts. Thus, L/b = Ty, /Ts, i.e.,

LT,
b= ™ %)
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If square pulses are used and T ~ 1/B is assumed, then

L
BTon

b~

(6)

Since the bandwidth efficiency is defined as B, = L/(BT,y),
it can be seen that b ~ B, for MQAM.
A bound on the probability of bit error for MQAM is given

by [13]
4 1 3
Pb5b<1—@>Q< 26_1”>

é 1— L 67253—1%
b V2P

where Q(z) = [(1/V2r)exp(—u?/2)du. The signal-to-
noise ratio (SNR) v is defined as v = P./(2Bo*Ny), where
P, is the received signal power, o2 is the power spectral density
of the AWGN, and Ny is the receiver noise figure defined as
N = Niota1/(2B0?), where Niotar is the power of the noise
introduced by the receiver front-end.

Hence, by approximating the bound as an equality, the
following equation is obtained

IN

1
4(“@)

4
P.~ -N;Bo?(2" — 1)1
gV Bor (2 =i —— 5

(N
Assuming a xth-power path-loss model at distance d
(meters), the transmission power is expressed as
P, = PGy (®)
where G4 £ G,d"M; is the power gain factor in which M is
the link margin compensating the hardware process variations
and other additive background noise or interference and G is
the gain factor at d = 1 m, which is defined by the antenna
gain, carrier frequency, and other system parameters. k = 3.5
and GG; = 30 dB will be assumed for the proposed model [18].
According to (6)—(8), the transmission energy is obtained as

Ey = PTon
4 (1 _ 2fﬁ)

BTO n b

G4BT, 9)

4
~ ngUQ (2%% — 1) In

It is easily shown that E; is a monotonically decreasing function
over the product BT,, when MQAM is well defined, i.e.,
when b = L/(BT,,) > 2. Thus, when the packet size L and
bandwidth B are fixed, the maximum allowable 7, minimizes
the transmission energy.
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However, when the circuit energy consumption is included
in the model, the situation may change. According to (3), the
total energy consumption per information bit in terms of 75,
is expressed by (10) shown at the bottom of the page, where
a=¢/n—11is also a function of T, since for MQAM ¢ =
3(VM —1/vV/M +1) and M = 25/(BTon) (a square constel-
lation is assumed [14]).

From the expression for E,, it is seen that the maximum
T, minimizes the transmission energy while the minimum
T, minimizes the circuit energy consumption. Therefore, an
optimal tradeoff for T, needs to be found to minimize the total
energy consumption. In addition, the value for T, needs to
be optimized under the delay and peak-power constraints. The
peak-power constraint in (4) can be rewritten as

4 . 4 (1 — 2 ZBLTDU)
(1+a)=N;o? (2m - 1) In . G4B
3 Bro. i
SPmaxt_Pct (1])

which is equivalent to

Ton 2 Tmin (12)

where Ty, 1s the solution for T, for which the equality in (11)
holds. Thus, for MQAM, the optimization model in (4) can be
rewritten as

E,
Tmin S Ton S T — Ttr-

minimize

subject to (13)

If the fact that b= L/(BT,,) is taken into account, an
equivalent representation for the optimization model can be
written as

E,

minimize

subject 0 bin < b < bpax (14)

where the upper bound on b corresponds to the lower bound
on Ty, given by bypax = | L/(BTmin) ], the lower bound on
b is given by by, = max{[L/(B(T — Ti;))], 2}, and E, is
represented in terms of b as

b
4 20 _ 1 4(1—-2"2
Ea:(l—l—a)g f0'2( 2 )ln (be >Gd
(PCTOII +‘[/2Psyrlnr) ) (15)

The resulting optimization problem can be solved using the
optimization algorithms discussed in Section V.

L
4(172*Tnm)
(1+a)iNso? (2?%% - 1) In 2 GyBToy + P.Toy + 2PsyuTr

BTon Py

7 (10)
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—— Total energy consumption
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TABLE 1
MQAM PARAMETERS
fe=2.5GHz n=0.35
£ =35 0% =12 = 174 dBm/Hz
B =10 kHz L =2Kb
Prpix = 30.3 mW Pgy, = 50 mW
PLNA = 20 mW PIFA =3 mW
Pmaxt = 250 mW Pfilt = Pﬁlr = 2.5 mW
Ttr:5,us Ml:40dB
T = 100 ms Py=10"3
N; =10 dB G1 =30 dB
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Fig. 2. Total energy consumption, MQAM (AWGN).

For a specific numerical example, the circuit-related pa-
rameters need to be defined first. A 2.5-GHz radio in the
industrial-scientific-medical (ISM) band is taken as an exam-
ple. For radios in other bands or with significantly different
hardware architectures, different parameters need to be used.
The circuitry for such a radio is composed of several blocks
described in [11] and [15]-[17]. The corresponding parameters
are summarized in Table I, where 7 = 0.35, which is a practical
value for class-A RF PAs [11]. (Due to the linearity requirement
for amplifying MQAM signals, class-A PAs are usually used.)
The values for B, L, and T are set up such that by, =
L/(BT) = 2. Thus, the constellation size for MQAM is well
defined inside the feasible region.

The plot of E, over T, for bandwidth B = 10 kHz is
shown in Fig. 2. The vertical axis is the energy consumption
per information bit (in terms of decibels relative to a milli-
joule: logyy(F,/0.001) dB mJ). The horizontal axis is the
normalized transmission time. It is seen that the total energy
consumption is not a monotonically decreasing function of
Ton when the transmission distance d is small. For example,
when d =1 m, E, at the optimal T, ~ 0.12T is about 8 dB
lower than the nonoptimized case where T, =71 — Ti, = T.
Thus, Ty, optimization results in an 84% energy saving. It can
be shown that when d = 100 m, the peak-power constraint is
violated even when b = 2 (the minimum allowable value). In
this case, coding or MFSK modulation can be used to reduce
the peak-power requirement, as will be shown later.

Energy per Information Bit in dBmJ

—40 - 4
—50 - J
—60 L L L L L L L L
2 4 6 8 10 12 14 16 18 20
b
Fig. 3. Total energy consumption versus constellation size, MQAM (AWGN).

The transmission energy is dependent on the transmission
distance d while, obviously, the circuit energy consumption is
independent of d. Thus, energy can be saved by optimizing
Ton only when the circuit energy consumption is nontrivial
relative to the transmission energy. Since the transmission
energy increases with d, there exists a threshold for the value of
d above which there is no energy savings possible by optimizing
Ton, which then should just be set to the maximum value 7.
For the above example, d = 30 m is the threshold, where the
derivative of E, relative to Ty, is approximately zero at the
point Ty, /T ~ 1. In general, to find the threshold, the value of
d that makes the derivative of E, relative to T,, at the maxi-
mum transmission time equal to zero just needs to be found.

According to the relationship defined in (6), the optimal
constellation size can be derived from the optimal value of
Ton. The authors redraw E, over b for the d = 5 m case in
Fig. 3. It is seen from the figure that b, ~ 9 if the total energy
consumption is considered versus bopy = 2, its minimum value,
when only transmission energy is considered.

B. Uncoded MFSK

For MFSK, the number of orthogonal carriers is M = 2°.
It is assumed that the carrier separation is equal to 1/(27%),
where T is the symbol period. Thus, the data rate R = b/T
and the total bandwidth can be approximated as B = 2°/(2T})
(see [13]). As a result, the bandwidth efficiency for MFSK is
given by

[\~
(=

A

B, — (bits per second per hertz).

= (16)

Since, in general, the bandwidth efficiency can also be repre-
sented as B, = L/(BT,,) regardless of modulation schemes,
the relationship between the constellation size and the
bandwidth—time product for MFSK is given by

2b L

= 1
26 BTun a7
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which is different from the MQAM case where b = L/(BToy,).
However, there still exists a one-to-one relationship between b
and the BT, product for any fixed value of L, except forb = 1
and b = 2, which correspond to the same BTy, product. For
simplicity, all the following transmission energy functions for
MFSK will be represented in term of b.

Since most practical MFSK receivers use noncoherent de-
tectors, the probability of error bound for noncoherent MFSK
detection is used in the proposed derivation

P, <27 %73, (18)
Approximating the bound as an equality, v = bE,/(NoNy) ~
21n(2°2/P,) is obtained, where Fj, is the energy per informa-
tion bit at the receiver and Ny = 20%. Hence, E},/(202Ny) =
(2/b)In(2°2/P,). Following a similar derivation as in the
MQAM case, the transmission power and the transmission
energy are given by

2b-2 9pB
P, =4N;o?In — Gy 19
b fU n Pb d 2b ( )
and
20-2 [,
E; = PTon = 4Njo?In — G4~ (20)
P, b

respectively, where T,, = 2°L /(2bB), derived from (17),
was used.

One necessary modification in the hardware configuration
of MFSK compared to the MQAM system is that the mixer
and the DAC at the transmitter should be deleted, as discussed
earlier. Correspondingly, the authors redefine P. = 2Py, +
Prix + Puxa + Paie + Pair + Pira + Papc. Thus, the total
energy consumption per information bit is given by

((1 +a)AN;o?In 22 Gk + PT,, + 2PsynTtr)

E, =
L

21

where o =¢/n—1 and £ =1 for MFSK. From (17), it is
seen that the product of B and T, defines the value of b
when the packet size L is fixed. Hence, the value of F; is
dependent on the BTy, product. It can be proven that E} is a
monotonically decreasing function over b (when b > 1) unless
P, is unreasonably large (on the order of 0.1). Due to the
relationship between b and BTy, as described in (17), E is also
a monotonically decreasing function over the BT, product,
which is similar to the MQAM case. Hence, increasing T,
always decreases the transmission energy, but the optimal 75,
which minimizes the total energy consumption may not be
the maximum allowable transmission time. The optimization
model is easily described in terms of b, such that (4) can be
rewritten as

minimize F,

subject to  bpin < b < byax (22)
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Fig. 4. Total energy consumption versus b, MFSK (AWGN).

where by,.x is defined by the delay requirement in such a
way that 2b,,., /2Pmax = L/(BT), and by, is calculated based
on the peak-power constraint, specifically, (1 + &) P;(bmin) =
Praxt — Pet where Py = Psyn + Prs.

To give a numerical example, it is first assumed that the
power consumption of the corresponding circuit blocks is
roughly the same as in the MQAM case. Since there is no
longer a strict linearity requirement on the RF PA, the value
of n in Table I is changed to 0.75, which corresponds to a
class-B or a higher class (C, D, or E) PA. The bandwidth
B and the packet size L are kept as 10 kHz and 2 Kb,
respectively. The maximum delay 7" is changed to 1.07 s, such
that byax = 6. Compared with the MQAM case, the increase
of T' is due to the fact that MFSK is less bandwidth efficient
than MQAM. Thus, MFSK needs a longer transmission time to
transmit the same number of bits as MQAM when they have the
same bandwidth.

E; and E, are drawn directly over b as shown in Fig. 4.
Not surprisingly, the transmission energy E; goes down when
b increases, since it is well known that the larger M is, the
more energy efficient MFSK is, in an AWGN channel. In other
words, M = oo is optimal in the sense of minimizing the
energy consumption per information bit [13] based only on
transmission energy. When the circuit energy consumption is
considered, as shown in Fig. 4, b = 2 turns out to be the best
choice for both d = 1 m and d = 30 m. For the b = 1 m case,
by using bope = 2, about 80% energy savings can be achieved
when compared with the case where b = 6 (To, = T') is used.

IV. CopED MQAM AND MFSK

It is well known [13] that forward error-correction codes
(ECCs) can reduce the required value of E,/Nj to meet a
given target probability of bit error P, where E}, refers to the
received energy per information bit, which is proportional to
the transmission energy per information bit. However, whether
the total energy consumption per information bit can be reduced
is not clear due to the possible bandwidth expansion caused by
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the ECC redundancy and the extra baseband energy consump-
tion of the ECC codec.

The error-correction capability of ECCs is enabled by intro-
ducing controlled redundancy, which usually causes bandwidth
expansion in order to communicate the extra redundant bits.
If the bandwidth expansion in the frequency domain is not
limited, the system throughput can be maintained by increasing
the symbol rate. However, most practical systems are assigned
a fixed frequency band so that the bandwidth expansion can
only be implemented in the time domain. In other words, a
longer transmission time is needed in order to communicate
both the information bits and the error-correction bits. Whether
the expansion happens in the time domain or in the frequency
domain has no impact on the ECC performance as the coding
gain remains the same. Nevertheless, the time domain approach
results in more circuit energy consumption, which is linearly
proportional to the increase of transmission time 7y,. Fortu-
nately, bandwidth expansion may be circumvented when the
channel coding and modulation processes are jointly designed,
for example, in trellis-coded MQAM [13].

In the following sections, two coded systems are consid-
ered: 1) trellis-coded MQAM; and 2) convolutionally encoded
MFSK. For trellis-coded MQAM, even though there is no
bandwidth expansion, there is still an energy penalty caused
by the baseband ECC processing. This energy penalty is first
neglected due to its small magnitude compared with the energy
consumption of the RF circuitry and then its effect is shown
with an example where the transmission distance is extremely
small. Therefore, it will be shown in the next section that
trellis-coded MQAM always has higher energy efficiency than
uncoded MQAM for narrowband systems. For MFSK systems
with fixed bandwidth, coding cannot be implemented by in-
creasing the constellation size while keeping the transmission
time constant, as it is done in trellis-coded MQAM. In other
words, bandwidth expansion is inevitable for coded MFSK.
The tradeoff between energy savings and bandwidth expansion
for MFSK systems with convolutional codes.

A. Coded MOQAM

In a trellis-coded MQAM system, each block (of size b) of
information bits is divided into two groups of size b; and bo,
respectively. The first group of b; bits is convolutionally en-
coded into by, bits, which map to 2b% constellation subsets. The
second group of by bits are used to choose the 2°2th constella-
tion point within each subset (see [13] for a detailed description
of trellis-coded modulation). The code rate is, therefore, defined
as v. = by /by, and the constellation size is increased from 2% to
2br+b2 A rate v, = by /(b1 + 1) code is usually used for subset
selection. According to [13], by = 2 is a good choice since it
provides the major part of the achievable coding gain. In the
proposed model, a rate 2/3 code with 32 states is chosen and
the coding gain G. ~ 3 (4.7 dB) [13]. As a result, the final
constellation size becomes 2%, where b, = 1+ L/(BT,,).

Due to the embedded ECC, the required SNR threshold
7o to achieve a given P, is reduced by the coding gain G,
i.e., forany b = L/(BTon), o = Epb/(GcNp). Therefore, for
trellis-coded MQAM, the required transmission energy to
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MQAM.

achieve a given P, is changed to E;. = E;/G, and the total
energy consumption E,. is given as

4 (20 —1), 4(1-2"3)
E,.=(1 — Nyo? 1
( +a)3GC Ty T, d
+ (PcTon +L2PsynTtr) . (23)

For a specific numerical example, the circuit-related para-
meters are the same as in the uncoded case (see Table I). The
values for B, L, and T are set up in such a way that b,,;, =
L/(BT) =2 for an uncoded system. Thus, for the trellis-
coded system in the proposed model, the minimum value for
b. will be equal to 3. For comparison, an optimized uncoded
system is also considered. One reference-uncoded system with
constellation size b = 2 and one reference-coded system with
constellation size b. = 3 are also evaluated: These reference
systems are designed to minimize the transmission energy.

The plots of minimized energy per information bit over
different transmission distances are shown in Fig. 5, where it
is seen that about 90% energy savings is achieved over the
reference setup for the coded system when d = 1 m. The plots
also show that for both the coded and uncoded systems, the
optimized performance converges to be the same as the refer-
ence performance when the transmission distance is large. In
other words, optimizing over modulation parameters no longer
saves energy at large distances, since in this case, transmission
energy is dominant and, therefore, using the minimum allow-
able constellation size is always optimal. It is also seen that
the coded system outperforms the uncoded system over all the
distances (when ECC processing energy is not included).

The optimized parameters are listed in Table II, where bop¢
is the optimal constellation size, E is the total energy con-
sumption per information bit, E\¢¢ is the corresponding energy
consumption for the reference systems, and each item z/y
inside the table has x as the optimized value for the coded
system and y as the optimized value for the uncoded system.
In this example, the peak-power constraint (Popy < Praxt) 1S
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TABLE 1I
OPTIMIZED PARAMETERS FOR CODED/UNCODED MQAM
d (m) 0.5 1 5 30 50
B (kHz) 10/10 10/10 10/ 10 10/ 10 10/10
T, (ms) 10/10.5 11.8/12.5 20/ 25 66.7 /100 100/ 100
bopt 20/ 19 17/16 10/8 3/2 2/2
Py (mW) 1.6/24 2.3/35 53/4.1 20.8/27.1 54 /162
P mW) 112/119 1187128 141/ 129 183 /176 253 /561
P, (mW) 113/121 113/121 113/121 113/121 113/121
E (ud) 1.1/1.2 1.4/1.5 2.5/3.0 99/14.4 18.3/33.7
Eor (ud) 10.5/10.5 10.5/10.5 10.5/10.5 11.8/14.4 18.3/33.7
violated when d > 50 m for both the coded system and the 0.025

uncoded system. In order to achieve the given P, at these
distances, the power budget would have to be increased or other
coding strategies would have to be used.

If the ECC processing energy is included in the total energy
consumption, at very short transmission distances where the
transmission energy is low, the savings on transmission energy
enabled by the ECC may be less than the ECC processing
energy, which is mainly contributed by the Viterbi decoder. In
the example in this paper, since the symbol rate is as low as
10 kHz, the power consumption of the Viterbi decoder is only
on the level of microwatts. Therefore, it is safe to say that the
coded MQAM is always better than uncoded MQAM at prac-
tical transmission distances. When the bandwidth gets larger,
the power consumption of the Viterbi decoder also becomes
higher. As a result, uncoded MQAM may beat coded MQAM
in terms of energy efficiency at short distances. For example,
when B = 10 MHz and L = 2 Mb with all other parameters
kept the same, the power consumption of the Viterbi decoder
is around 10 mW. Thus, the uncoded system may become more
energy efficient than the coded one at short distances. As shown
in Fig. 6, the reference-uncoded system becomes more energy
efficient than the reference-coded system when d < 1.5 m.
For optimized systems, since higher constellation sizes reduce
the transmission time, the energy consumption in the Viterbi
decoder is compensated by the reduced energy consumption in
the analog circuits. Therefore, the effect of the decoding process
is not obvious. In other words, adaptive modulation is able to
keep the superiority of coded systems down to a very short
distance, as shown in the figure where the crossover happens
at 0.1 m.

For trellis-coded MQAM, the coding gain is more sensitive
to the constraint length of the convolutional encoder than to the
code rates. Codes with lower rates may not necessarily generate
higher coding gain. Since there is no bandwidth expansion,
any codes with higher coding gain are able to reduce the total
energy consumption unless the constraint length is so large that
the energy consumption in the decoding logic can no longer be
neglected. The tradeoff between energy consumption and code
rates is complicated and definitely worthy of further investiga-
tion. However, this extension is beyond the scope of this paper.

B. Coded MFSK

For the coded MFSK system, a rate 7. = 2/3 convolutional
code with 32 states is assumed, which achieves a coding gain
G. = 2.6 (4.2 dB) [13]. Since the available frequency band is

0.02 PO JR—
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+=++ Optimized uncoded system
- = Reference uncoded system

0.005
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Transmission Distance in Meter

45 5

Fig. 6. Total energy consumption per information bit versus distance, MQAM
(ECC processing energy included).

fixed, the error-control bits are accommodated by bandwidth
expansion in the time domain. Thus, the required transmission
energy per information bit for coded systems is reduced by
G, at a price of increased transmission time Tone = Ton/7e-
The total energy consumption per information bit for the coded
system is, therefore, given by

2b—2 1

Py G bG.

PCTOHC 2PS nTr
E..=(1+ a)4N;o?In +( + 2Ty t).

(24)

To give a numerical example, it is first assumed that the
power consumption of the different circuit blocks for MFSK
is roughly the same as the corresponding blocks for MQAM.
Similar to the uncoded case, the drain efficiency is changed
to 7 = 0.75, which corresponds to a class-B or a higher class
(C, D, or E) PA. The bandwidth B and the packet size L are
kept as 10 kHz and 2 Kb, respectively. Due to the coding,
the delay constraint is increased to 1.07/~. = 1.61 s for the
coded system. For the purpose of comparison, one uncoded
BFSK system and one coded BFSK system (with the same
convolutional code) are set up as reference systems.

The total energy consumption per information bit over dif-
ferent transmission distances d is plotted in Fig. 7. This figure
shows that optimizing over modulation parameters saves energy
for both the coded and uncoded systems, and this energy saving
increases with d. In addition, the uncoded system outperforms
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the coded system when d is small (< 48 m for the optimized
cases). This is due to the fact that the ECC-enabled savings
on transmission energy can no longer balance the extra circuit
energy consumption caused by the increase in transmission
time. The optimized parameters are listed in Table III. By
comparing the energy consumption values in Tables II and III,
it is seen that although MFSK requires less transmission energy
(= P./Ton) than MQAM at the same distance, the total energy
cost per information bit is higher for MFSK when d is small
due to its high circuit energy consumption (7, is larger for
MFSK), as shown in Fig. 8. When d increases such that the
transmission energy becomes dominant, MFSK becomes more
energy efficient than MQAM (at the price of using more trans-
mission time). However, by comparing the energy consumption
values for the coded and uncoded cases, it is seen that coding
can increase the distance where MFSK beats MQAM in terms
of energy efficiency.

V. OPTIMIZATION ALGORITHMS

Since the design variable b is defined over integer values,
the corresponding optimization problem is a nonconvex integer
programming problem. Exhaustive search (which is used for
the numerical examples in this paper) is a feasible way to
solve this problem for the simple point-to-point case, since
only one variable is involved and all the constraints are well
bounded that makes the search algorithm relatively simple.
However, efficient algorithms was also investigated to solve
this type of integer programming problem. These algorithms
can be used for example to extend the energy-minimization
results to multiple users [23]. Specifically, it was found that
if a looser bound on the total energy consumption per bit for
MQAM is used, an efficient convex relaxation method can be
used to solve this problem. For MFSK, even without using any
looser bounds, the problem can be solved with efficient convex
relaxation methods.

For uncoded MQAM, if the bound In(4(1—27%/2)/
(bPy)) <1n(2/P,) is applied for b > 2, the representation for
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FE, can be simplified as

b_ L
E,=z(1+«) 2 L+yg+z (25)
with the coefficients z, y, and z defined as
4 2
= N.;o2G,;1ln —
T 3 fo Gd n Pb
_ P
YT B
2 =2P, T (26)

respectively. The relative looseness caused by the bound
In(4(1 —27%2)/(bP,)) < In(2/P,) is less than 21% when b
is within the range [2], [20] (which is a reasonable range for
practical MQAM systems). If b is relaxed to be defined over
real numbers, it can be proven that F, is a convex function over
b for b > 2 by showing that 9?E, /0b* > 0. The optimization
problem in (14) can then be rewritten as

minimize F,
subjectto b — byin > 0

bmax - b Z O (27)

Since all the constraints are simple linear constraints, the opti-
mization problem is a convex problem, which can be efficiently
solved using the interior point method [24]. Specifically, for a
convex problem in the following format

fo(b)
subjectto  f;(b) > 0,

minimize

i=1,...,m (28)

this constrained problem can first be converted into an uncon-
strained one by utilizing the log-barrier functions [24]. The
unconstrained problem is constructed as

m

minimize ¢ fo(b) — Zln (fi(0))

i=1

(29)

where ¢ > 0 is a weighting factor. It has been shown [24] that
Ve > 0,ast > m/e, the optimal solution for (29) is only € away
from the actual optimal solution for (28). The actual algorithm
is given as follows.

Given a strictly feasible by, t :=tg > 0, step size p > 1,
tolerance € > 0, the following algorithm is run:

1) Compute b* by minimizing ¢fo(b) — > i, In(f; (b)),
starting from bg.

2) Update: by = b*.

3) Quitif m/t < e.

4) Otherwise, set t = ut and go back to step 1).

For the algorithm to work, a feasible point first needs to be
found. Setting by = by,ax is a natural choice. To make it strictly
feasible [24], bg = bmax — V can be set, where v is a small
positive offset to drive by away from the boundary. The uncon-
strained minimization problem in step 1) can be solved using
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TABLE 1II
OPTIMIZED PARAMETERS FOR CODED/UNCODED MFSK
d (m) 0.5 1 5 30 70
B (kHz) 10/10 10/10 10/ 10 10/10 10/10
Ton () 0.3/0.20 0.3/0.2 0.3/0.2 0.3/0.2 0.3/0.27
bopt 2/2 2/2 2/2 2/2 2/3
Pt (uW) 0.002 /0.008 0.02/0.09 6.5/25.6 3.5e3 / 1.4e4 6.7e4 [ 1.4e5
P mW) 52.5/52.5 52.5/52.5 52.5/52.5 57.1/70.5 142 /238
P, (mW) 1127112 112/112 1127112 112 /112 112/112
E (ud) 24.7/16.5 24.7/16.5 24.8/16.5 25.4/18.3 38.2/36.7
Bt (ud) 24.7/16.5 24.7/16.5 24.8/16.5 26 /20 50/82.2
300 . . . . . . . . . coding schemes is currently under investigation. However, the
— 8piimizeg Codeg I\QQMAQI\{IAM adaptive modulation scheme proposed in this paper can be
o 250 | | <2 Obtimised coded MFSK directly extended to orthogonal multiple-access schemes such
2 -~ = Optimized uncoded MFSK ) as time division multiple access (TDMA). Such a variable-
= 200l | length energy-minimizing TDMA scheme is proposed in [23].
£ VII. CONCLUSION
5 150t 1
= : It has been shown that for transmitting a given number
2 100 of bits in a point-to-point communication link, the traditional
B belief that a longer transmission duration lowers energy con-
E sumption may be misleading if the circuit energy consumption
is included, especia or short-range applications. For bo
50 luded, especially for short-range applications. For both
MQAM and MFSK, it is shown that the transmission energy
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Fig. 8. Total energy consumption comparison between MQAM and MFSK.

standard numerical methods such as the Gaussian—Newton
method [24].

After the optimal solution b* is found for this relaxed opti-
mization problem, the optimal solution for the original problem
can be found by evaluating F, at the two neighboring integer
points of b* and choosing the one with a smaller E,. Note
that for general integer programming problems defined over
multiple integer variables, the optimal solution may not be
one of the neighboring integer points surrounding the optimal
solution for the relaxed convex problem.

For the coded MQAM, since E, differs from that of the
uncoded MQAM only by a constant GG, the above algorithm
can be directly applied to find the optimal solution. For both
the uncoded and coded MFSK, it can be shown that a sufficient
condition for the total energy consumption per bit to be convex
over a relaxed b is given by P, < exp(—2/log,e) = 0.25,
which can be easily satisfied by practical systems. Therefore,
the above convex relaxation algorithm can also be applied
directly to MFSK systems.

VI. MULTIPLE-ACCESS SCENARIOS

Transmitting at higher rates as a result of adaptive modula-
tion would create more interference to other users. Therefore,
the results derived in this paper, which is based on pure MQAM
and MFSK modulation schemes, cannot be directly extended
to nonorthogonal multiple-access schemes. The possibility for
combining the adaptive modulation with other multiple-access

is completely dependent on the product of B and T,,. To
minimize the transmission energy, maximum transmission time
is required. To minimize the total energy consumption, the
transmission time needs to be optimized, where up to 80%
energy savings is shown to be achievable via this optimization.

For trellis-coded narrowband MQAM systems, it has been
shown that coding always increases energy efficiency, and the
improvement increases with the transmission distance d. For
MFSK systems, coding can only reduce energy consumption
when the transmission distance is large such that the transmis-
sion energy is dominant. For short-range applications, uncoded
MFSK outperforms coded MFSK due to the bandwidth expan-
sion caused by ECC.

It was found that uncoded MQAM is not only more band-
width efficient, but also more energy efficient than uncoded
MEFSK for short-range applications. The performance differ-
ence is even more pronounced with coding. However, coded
MFSK may be desirable in peak-power-limited applications
since it requires less transmit power, although its total energy
consumption may be higher.

APPENDIX

Methods on how to estimate the power consumption of
various circuit blocks are discussed here.

A. Power Consumption of DACs

It is assumed that a binary-weighted current-steering DAC
is used [19]. The simplified diagram of the DAC is shown
in Fig. 9.

The power consumption consists of two components:
1) static power consumption P,; and 2) dynamic power
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Fig. 9. Current-steering DAC.

consumption P;. From Fig. 9, it is seen that the static power
consumption is mainly contributed by the array of current
sources and can be calculated as

nlfl

: 1
Po=VaahhE | ) 2114 = SVaalo(2™ — 1) (30)
=0

where b;’s are independent binary random variables and each
has a probability of 1/2 to take 1 or 0, Vyq is the power supply
and [y is the unit current source corresponding to the least
significant bit (LSB). The minimum possible value for I is
limited by the noise floor and device mismatch. Thus, for any
given hardware technology, Iy cannot be decreased without
bound to reduce the power consumption. The possible value for
Iy is also upper-bounded by the linearity requirement. However,
since power consumption is the main concern in the proposed
design, Iy will be set close to the lower bound.

The dynamic power consumption occurs during the switch-
ing process between symbols, i.e., when the switch is being
connected if the corresponding bit changes from 0 to 1 or
when the switch is being disconnected if the corresponding bit
changes from 1 to 0. For a first-order approximation, the aver-
age value for P; can be calculated as P; ~ (1/2)n.1C, fsVde,
where C), is the parasitic capacitance of each switch and the
factor 1/2 is the value of the switching factor (we assume that
each switch has a probability of 1/2 to change status during
each symbol transition). For the low-IF structure assumed in
the proposed model, the sampling frequency can be approxi-
mately taken as fs = 2(2B + fcor), where feo is the corner
frequency of the 1/f noise [11] and fir = B + feor is the
lowest possible value for IF such that the signal is not severely
affected by the 1/f noise. Thus, the expression for P, can be
rewritten as

Py~ n1Cp(2B + feor) Via- 31)
As a result, the total power consumption of the DAC is
given by

Ppac = B(Ps + Pa)

1
N,B (2Vdd10(2n1 - 1) + nlcp(QB + fcor)vd2d) (32)
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where [ is a correcting factor to incorporate some second-
order effects (3 = 1 is used in the proposed model).

B. Power Consumption of ADCs

The estimation model proposed in [20] is used for evaluating
the power consumption of Nyquist-rate ADCs. As a result, the
value of Popc can be calculated as

p N SVdeLmin(QB + fCOT)
ADC ~ 10-0-1525n2+4.838

(33)

where L, is the minimum channel length for the given CMOS
technology.

C. Power Consumption of Viterbi Decoders

While the power consumption of a convolutional encoder
is small enough to be neglected, the power consumption of
a Viterbi decoder may be nonnegligible in comparison with
other receiver blocks. The model introduced in [21] is used to
estimate the power consumption of Viterbi decoders.

D. Power Consumption of Other Blocks

It is assumed that the receiver gain adjustment is performed
solely in the IFA. As a result, the power consumption values
of the mixers, the frequency synthesizers, the filters, and the
LNA can be approximated as constants and are quoted from
several publications as discussed earlier. For the IFA, its power
consumption value is dependent on the receiver gain, which
varies along with the channel conditions. However, since Prpa
is usually much smaller than Py, or P,na, Pira is approx-
imated as a constant, which is equal to 3 mW [22] in the
proposed model.

E. Parameter Setup

For the related parameters in the numerical examples in this
paper, the following values are taken: Vigg =3 V, Ly, =
0.5 pm, ny =ng =10, feor =1 MHz, Iy =10 pA, and
Cp =1pF.

ACKNOWLEDGMENT

The authors would like to thank S. Verma for helpful discus-
sions on the hardware models.

REFERENCES

[1] A. J. Goldsmith and S. B. Wicker, “Design challenges for energy-
constrained ad hoc wireless networks,” IEEE Wireless Commun. Mag.,
vol. 9, no. 4, pp. 8-27, Aug. 2002.

[2] A. Chandrakasan, R. Amirtharajah, S. Cho, J. Goodman, G. Konduri,

J. Kulik, W. Rabiner, and A. Y. Wang, “Design considerations for distrib-

uted microsensor systems,” in Proc. IEEE Custom Integrated Circuits

Conf. (CICC), San Diego, CA, 1999, pp. 279-286.

J. Rabaey, J. Ammer, J. L. da Silva, Jr., and D. Patel, “PicoRadio:

Ad-hoc wireless networking of ubiquitous low-energy sensor/monitor

nodes,” in IEEE Very Large Scale Integr. (VLSI) Syst., Orlando, FL,

2000, pp. 9-12.

3

—

Petitioner Samsung Ex-1025, 0011



2360

[4] S. Verdu, “Spectral efficiency in the wideband regime,” IEEE Trans. Inf.
Theory, vol. 48, no. 6, pp. 1319-1343, Jun. 2002.

[5]1 A. E. Gamal, C. Nair, B. Prabhakar, E. Uysal-Biyikoglu, and S. Zahedi,

“Energy-efficient scheduling of packet transmissions over wireless net-

works,” in Proc. IEEE Information Communications (INFOCOM), New

York, 2002, pp. 1773-1782.

C. Schurgers and M. B. Srivastava, “Energy efficient wireless scheduling:

Adaptive loading in time,” in Wireless Communications and Networking

Conf. (WCNC), Orlando, FL, Mar. 2002, pp. 706-711.

P. Nuggehalli, V. Srinivasan, and R. R. Rao, “Delay constrained energy

efficient transmission strategies for wireless devices,” in Information

Communications (INFOCOM), New York, Jun. 2002, pp. 1765-1772.

[8] A. Y. Wang, S. Chao, C. G. Sodini, and A. P. Chandrakasan, “Energy
efficient modulation and MAC for asymmetric RF microsensor system,”
in Int. Symp. Low Power Electronics and Design, Huntington Beach,
CA, 2001, pp. 106-111.

[9] H. C. Liu, J. S. Min, and H. Samueli, “A low-power baseband receiver
IC for frequency-hopped spread spectrum communications,” IEEE J.
Solid-State Circuits, vol. 31, no. 3, pp. 384-394, Mar. 1996.

[10] C. Schurgers, O. Aberthorne, and M. B. Srivastava, “Modulation scaling
for energy aware communication systems,” in Proc. Int. Symp. Low Power
Electronics and Design, Huntington Beach, CA, 2001, pp. 96-99.

[11] T. H. Lee, The Design of CMOS Radio-Frequency Integrated Circuits.
Cambridge, U.K.: Cambridge Univ. Press, 1998.

[12] S. Cui, A. J. Goldsmith, and A. Bahai, “Modulation optimization
under energy constraints,” in Proc. Int. Conf. Communications (ICC),
Anchorage, AK, May 2003, pp. 2805-2811.

[13] J. G. Proakis, Digital Communications, 4th ed. New York: McGraw-
Hill, 2000.

[14] J. Cioffi, Digital Communications.
Fall 2001.

[15] M. Steyaert, B. De Muer, P. Leroux, M. Borremans, and K. Mertens,
“Low-voltage low-power CMOS-RF transceiver design,” IEEE Trans.
Microw. Theory Tech., vol. 50, no. 1, pp. 281-287, Jan. 2002.

[16] S. Willingham, M. Perrott, B. Setterberg, A. Grzegorek, and B.
McFarland, “An integrated 2.5 GHz XA frequency synthesizer with
5 ps settling and 2 Mb/s closed loop modulation,” in Proc. Int. Solid-State
Circuits Conf. (ISSCC), San Francisco, CA, 2000, pp. 138-139.

[17] P. J. Sullivan, B. A. Xavier, and W. H. Ku, “Low voltage performance
of a microwave CMOS Gilbert cell mixer,” IEEE J. Solid-Sate Circuits,
vol. 32, no. 7, pp. 1151-1155, Jul. 1997.

[18] R.Min and A. Chadrakasan, “A framework for energy-scalable communi-
cation in high-density wireless networks,” in Proc. Int. Symp. Low Power
Electronics Design, Monterey, CA, 2002, pp. 36-41.

[19] M. Gustavsson, J. J. Wikner, and N. N. Tan, CMOS Data Converters
for Communications. Boston, MA: Kluwer, 2000.

[20] E. Lauwers and G. Gielen, “Power estimation methods for analog
circuits for architectural exploration of integrated systems,” [EEE
Trans. Very Large Scale Integr. (VLSI) Syst., vol. 10, no. 2, pp. 155-162,
Apr. 2002.

[21] S. Cui, A. J. Goldsmith, and A. Bahai. (2003). “Power estimation for
Viterbi decoders,” Wireless Systems Lab, Stanford Univ., Stanford, CA,
Tech. Rep. WSL-Shuguang-01 [Online]. Available: http://wsl.stanford.
edu/Publications.html

[22] T. Yamaji, N. Kanou, and T. Itakura, “A temperature-stable CMOS
variable-gain amplifier with 80-dB linearly controlled gain range,” I[EEE
J. Solid-Sate Circuits, vol. 37, no. 5, pp. 553-558, May 2002.

[23] S. Cui, A. J. Goldsmith, and A. Bahai, “Joint modulation and multiple
access optimization under energy constraints,” in Global Telecommunica-
tions (GLOBECOM), Dallas, TX, Dec. 2004.

[24] S. Boyd and L. Vandenberghe, Convex Optimization.
Cambridge Univ. Press, 2003.

[6

=

[7

—

Stanford, CA: Stanford Univ. Press,

Cambridge, U.K.:

Shuguang Cui (S’99-M’05) received the B.Eng.
degree in radio engineering with the highest
distinction from the Beijing University of Posts
and Telecommunications, Beijing, China, in 1997,
the M.Eng. degree in electrical engineering from
McMaster University, Hamilton, ON, Canada, in
2000, and the Ph.D. degree in electrical engineering
from Stanford University, Stanford, CA, in 2005.
From 1997 to 1998, he worked at Hewlett-
Packard, Beijing, China, as a System Engineer. In
the summer of 2003, he worked at National Semi-
conductor, Santa Clara, CA, as a Wireless System Researcher. Since August

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 4, NO. 5, SEPTEMBER 2005

2005, he has been with the Department of Electrical and Computer Engineering
at the University of Arizona, Tucson, AZ, as an Assistant Professor. His cur-
rent research interests include cross-layer optimization for energy-constrained
wireless networks, hardware and system synergies for high-performance wire-
less radios, and general communication theories.

Dr. Cui is the winner of the National Science and Engineering Research
Council of Canada (NSERC) graduate fellowship and the Canadian Wireless
Telecommunications Association (CWTA) graduate scholarship.

Andrea J. Goldsmith (S’90-M’93-SM’99-F’05)
received the B.S., M.S., and Ph.D. degrees in elec-
trical engineering from the University of California
at Berkeley.

She is an Associate Professor of Electrical Engi-
neering at Stanford University, Stanford, CA, and
was previously an Assistant Professor of Electrical
Engineering at Caltech. She has also held industry
positions at Maxim Technologies and AT&T Bell
Laboratories. Her research includes work on the
capacity of wireless channels and networks, wireless
communication and information theory, adaptive resource allocation in wire-
less networks, multiantenna wireless systems, energy-constrained wireless
communications, wireless communications for distributed control, and cross-
layer design for cellular systems, ad hoc wireless networks, and sensor
networks.

Dr. Goldsmith is a Fellow of Stanford University, and currently holds
Stanford’s Bredt Faculty Development Scholar Chair. She currently serves as
the Editor for the Journal on Foundations and Trends in Communications
and Information Theory and Networks, and was previously the Editor for
the IEEE TRANSACTIONS ON COMMUNICATIONS and for the /EEE Wireless
Communications Magazine. She is active in the IEEE Information Theory and
IEEE Communications Societies and is an elected Member of the Board of
Governors for both societies. She has received several awards for her research,
including the National Academy of Engineering Gilbreth Lectureship, the
Alfred P. Sloan Fellowship, the Stanford Terman Fellowship, the National
Science Foundation CAREER Development Award, and the Office of Naval
Research Young Investigator Award.

Ahmad Bahai (S’91-M’93) received the M.S. de-
gree in electrical engineering from the Imperial
College, University of London, U.K., in 1988, and
the Ph.D. degree in electrical engineering from the
University of California (UC) at Berkeley in 1993.
From 1992 to 1994, he worked as a Member
of Technical Staff at the Wireless Communications
Division of TCSI Corporation, Berkeley, CA. In
1994, he joined AT&T Bell Laboratories, Murray
Hill, NJ, where he was the Technical Manager of
the Wireless Communication Group in Advanced
Communications Technology Labs until 1997. He was involved in the re-
search and design of several wireless standards such as Personal Digital
Cellular (PDC), IS-95, Global System for Mobile Communications (GSM), and
IS-136 terminals and base stations, as well as asymmetric digital subscriber
line (ADSL) and cable modems. He is one of the inventors of multicar-
rier code division multiple access (CDMA) (orthogonal frequency division
multiplexing, OFDM) concept and proposed the technology for high-speed
wireless data systems. He was the co-founder and Chief Technical Officer of
ALGOREX Inc., San Francisco, CA, and is currently a Fellow and the Chief
Technologist of National Semiconductor Corporation, Santa Clara, CA. He
is an Adjunct/Consulting Professor at Stanford University and UC Berkeley.
His research interests include adaptive signal processing and communication
theory. He is the author of more than 50 papers and reports. He is the author of
Multi-carrier Digital Communications (New York: Kluwer/Plenum, 1999). He
holds five patents in the communications and signal processing field.
Dr. Bahai served as an Editor of IEEE COMMUNICATIONS LETTERS.

Petitioner Samsung Ex-1025, 0012





