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Abstract—As CMOS technology scales down, digital supply
voltage and digital power consumption goes down. However,
the supply voltage and power consumption of the RF front-end
and analog sections do not scale in a similar fashion. In fact,
in many state-of-the-art communication transceivers, RF and
analog sections can consume more energy compared to the digital
part. In this paper, first, a system level energy model for all the
components in the RF and analog front-end is presented. Next,
the RF and analog front-end energy consumption and commu-
nication quality of three representative systems are analyzed: a
single user point-to-point wireless data communication system, a
multi-user code division multiple access (CDMA)-based system
and a receive-only video distribution system. For the single user
system, the effect of occupied signal bandwidth, peak-to-average
ratio (PAR), symbol rate, constellation size, and pulse-shaping
filter roll-off factor is analyzed; for the CDMA-based multi-user
system, the effect of the number of users in the cell and multiple
access interference (MAI) along with the PAR and filter roll-off
factor is studied; for the receive-only system, the effect of 1/ f
noise for direct-conversion receiver and the effect of IF frequency
for low-IF architecture on the RF front-end power consumption
is analyzed. For a given communication quality specification, it is
shown that the energy consumption of a wireless communication
front-end can be scaled down by adjusting parameters such as the
pulse shaping filter roll-off factor, constellation size, symbol rate,
number of users in the cell, and signal center frequency.

Index Terms—Energy-efficient, energy model, peak-to-mean
ratio (PAR), pulse shaping roll-off factor, RF front-end.

I. INTRODUCTION

IRELESS communication and mobile computing de-
inces are widely used in everyday life. All of these
devices are powered by batteries with a limited lifetime. Since
the advances in battery technology have failed to keep up with
increasing current consumption in mobile communication de-
vices, aggressive techniques to reduce the power consumption
of wireless communication devices have to be developed.

Different aspects of low power wireless communication
transceivers have been addressed in recent years. These include
energy efficient modulation scaling [1], [2], [15], delay con-
trolled transmission schemes [3]-[5], energy efficient routing
[6]-[8], power management-based task scheduling for digital
communication processors [9], etc. In most of the prior work,
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the power consumed in RF and analog sections are either
ignored or represented by constant values. This may lead to
erroneous energy evaluations since the RF and analog sections
process analog signals with high frequency content and typi-
cally consume more energy compared to the digital part. For
example, as shown in [10], an IEEE 802.11-b wireless LAN
card based on Intersil’s PRISM II chipset consumes about 110
mW for the medium access control (MAC) processor, 170 mW
for the digital baseband electronics, 240 mW for the analog
electronics, and 600 mW for the power amplifier. Since about
75% of the power is consumed in the analog and RF sections, it
is important to develop an accurate and comprehensive energy
model for these sections. Such a model would clearly help in
developing a thorough tradeoff analysis between energy con-
sumption and communication quality of wireless transceivers.

Individual power models for several transceiver components
exist. These include models for analog-to-digital converters
(ADCs) and RF power amplifiers. The ADC power model pro-
posed in [11], considers the effect of sampling frequency, signal
frequency, and resolution bits but not the signal peak-to-average
ratio (PAR). Power amplifier models for Class A, B, AB, and
E are proposed in [12] and [13], which show the effect of the
power gain, average power, and maximum power consumption.
However, the power dissipated in the power amplifier is also
related to communication parameters, such as transmission dis-
tance, antenna gain, constellation size, channel noise, PAR, and
BER; the impact of these parameters have not been considered
in the existing models.

Several system level transceiver energy models have also
been proposed in recent years. For microsensor systems, the
transceiver energy model considers the circuit start-up energy
in addition to steady-state dissipated energy in [14]. The energy
consumption of every component is assumed to be constant.
Another high level model was proposed in [1], which divides
the transceiver circuitry power into two parts, one related to the
instantaneous symbol rate and the other to the highest symbol
rate. However, the dissipated circuit power is not only related
to the symbol rate, but also to modulation parameters, such as
PAR, required resolution in data converters, signal bandwidth,
and sampling frequency. In [15], a more comprehensive model
is presented, however, most of the RF front-end components are
assumed to have constant power consumption, and the power
model for power amplifier is gain dependent, and does not take
into account signal characteristics such as PAR.

In this paper, a system level power model for RF front-end
components of a wireless transceiver is presented. The com-
ponents include ADC, DAC, reconstruction and anti-aliasing
filters, mixers, frequency synthesizer, power amplifier, low
noise amplifier (LNA), and baseband amplifier. The proposed
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Fig. 1. Block diagram of the transmitter analog signal chain.

model is scalable with respect to effects of signal bandwidth,
PAR, symbol rate, and data converter sampling frequency.
Next, the energy consumption and communication quality
of three representative communication systems are evaluated
with respect to the effect of these parameters along with
constellation size, pulse-shaping filter roll-off factor, multiple
access interference (MAI), and IF frequency. The three sys-
tems are 1) single user point-to-point communication system
such as IS-136 TDMA and GSM; 2) code division multiple
access (CDMA)-based multi-user system such as 1S-95 and
CDMA2000; and 3) receive-only mobile system such as dig-
ital video broadcast for handhelds (DVB-H). For single user
point-to-point communication systems, the effect of occupied
signal bandwidth, PAR, symbol rate, constellation size, and
pulse-shaping filter roll-off factor is studied. For CDMA-based
multi-user systems, the effect of the number of users in the
cell and MAI along with the PAR and filter roll-off factor are
analyzed. For receive-only systems, the effect of 1/ noise for
direct-conversion receiver (DCR) and the effect of IF frequency
for low-IF architectures is presented. For a given communica-
tion quality specification, a methodology to reduce the energy
consumption of the wireless system is presented.

The remainder of this paper is organized as follows. Section II
describes the transceiver system model and defines the termi-
nology used in this paper. Section III describes general power
models for fundamental components in a wireless transceiver
front-end. Section IV analyzes the effect of design parameters
on both energy consumption and communication quality of a
single user point-to-point wireless data communication system.
Section V analyzes energy consumption of a multi-user CDMA
system. Section VI describes the energy consumption and com-
munication quality of receive-only communication systems
such as DVB-H. Section VII summarizes this paper.

II. SYSTEM MODEL FOR TRANSCEIVER

A. Transceiver Building Blocks

In order to minimize the total energy consumption of a trans-
ceiver, it is essential to develop accurate energy models for all
the key signal processing blocks. The wireless transmitter and
receiver model that is used in this model is based on [16] and
described in Figs. 1 and 2. The main components of the analog
signal chain of the transmitter are DAC, reconstruction filters,
upconversion mixers, power amplifiers (PA), and RF filters.
Similarly, the main components of the receiver signal chain
are the RF band select filter, LNA, downconversion mixers,
the baseband amplifier, the baseband and anti-aliasing filters,
ADC, and the RF synthesizer. The energy models for each of
these components have been described in Section III.

Fig. 1 also shows the placement of the filter for pulse shaping
of the baseband signal. The roll-off factor of this filter changes
the PAR of the signal and affects both the energy consumption of
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Fig. 2. Block diagram of the receiver analog signal chain.

TABLE I
RF FRONT-END POWER CONSUMPTION

Component  Active mode  Idle mode Sleep mode

PA 126.5 mW 0 mW 0 mW
Mixer 21 mW x2 21 mW 0 mW
Freq. Syn.  67.5 mW x2 67.5 mW 0 mW
DAC 15.4 mW 0 mW 0 mW
ADC 5.85 mW 5.85 mW 0 mW
Filters 5mW 2.5mW 0 mW

Ref. System 0.5 mW 0.5 mW 0.5 mW
LNA 20 mW 20 mW 0 mW
BA 5mW 5SmwW 0 mW

Total 355.25mW  122.35mW 0.5 mwW

The power values are under the condition that PAR= 5 dB, d = 10 m.

the RF front-end and the communication quality. In this paper,
the energy consumption of the digital pulse-shaping filter is ig-
nored (since it is relatively small) but the effect of the roll-off
factor o on the communication quality is considered.

B. Operation Modes for RF Transceivers

In a full-duplex communication system, the transceiver works
in the four following modes: active, idle, sleep, and transient
mode.

1) Active: Both the transmitter and the receiver are fully on.
The transmitter modulates the data and sends it through
the antenna; the receiver detects, demodulates, and passes
packets to the base-band processor.

2) Idle: The receiver listens and just passes channel informa-
tion to the base-band processor.

3) Sleep: Most of the circuitry is turned off, except low power
consumption blocks, such as the voltage and frequency ref-
erence system.

4) Transient mode: This occurs when the transceiver switches
from sleep mode to active mode, and vice versa.

The total energy consumption is the sum of the energy in the

four modes and given by

Etotal = PactiveTactive + PidleT’idle
+Psleestleep + PtransientTtransient-

In this paper, only the active energy is considered. Idle mode
energy is ignored for the following reasons. Although during
the idle mode, all the RF components in the receiving chain are
active (see Table I), the duty cycle is assumed to be quite low
(see Fig. 3). Furthermore, compared to the power consumed in
the active mode, the receive-only idle power consumption is less
than one-third. Again, due to the low duty cycle operation, the
transient mode energy consumption is also ignored. In many
state-of-the-art analog and RF circuits, digital calibration, and
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Fig. 3. Power consumption in different modes.

speed-up modes are used to bring the front-end to a fully oper-
ational mode quickly, minimizing start-up power consumption.
The sleep mode energy consumption which is due to the leakage
currents in the RF circuit is also ignored.

The active mode energy consumption can be further divided
into two parts: signal transmission energy or radiated energy,
which is delivered to the antenna, and dissipated energy which
is the energy consumed by the electronic circuits. Since trans-
mission energy is delivered by PA, Ppy includes both radiated
energy and dissipated energy [15], [16]

Eactive = (Ppa + 2Pmix + 2Prs + Puxa + Piitter
+Ppa + Poac + Papc)Ton (1)

where Ppa, Pmix, Prs, PLNA, Prlter, and Pga are the power
consumption of the PA, mixer, frequency synthesizer, LNA, fil-
ters, and baseband amplifier (BA), respectively. The factor 2 be-
fore Pyix and Pps comes from the assumption that the mixers
and the frequency synthesizers have the same power consump-
tion in both the transmitter and the receiver circuitry in a full-du-
plex system. Note the signal transmitting and receiving chains
share a single frequency synthesizer in the half-duplex system.

C. Performance Metrics

In this paper, the performance of the wireless communication
node with respect to energy consumption and communication
quality is evaluated. The effect of several parameters, including
signal bandwidth (BW), signal-to-noise ratio (SNR), PAR, and
1/f noise are considered. The communication quality is eval-
uated in terms of symbol error rate (SER). Several parameters
that impact the power consumption are described as follows.

Signal bandwidth is defined as the occupied RF signal
spectrum in frequency domain. For m-ary quadrature am-
plitude modulation (MQAM), both in-phase and quadrature
components have the same bandwidth and they are equal to the
occupied RF bandwidth.

Noise figure (NF) is a measure of SNR degradation as the
signal passes through a signal chain [16]. It is represented by
N F(dB) = 10log(SNR;;,/SNRyyt ), where SNR;,, and SNR, ¢
are the SNRs measured at the input and output points, respec-
tively.

PAR is the ratio of the signal peak power to its rms value
and is defined as PAR(dB) = 10log(Ppeak/Prms)- PAR gives
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Fig. 4. Frequency response of the pulse-shaping filter for different roll-off fac-
tors (av).

information on how the signal is distributed over the ampli-
tude range. A low PAR indicates a more uniform distribution,
which is energy efficient. Moreover, as discussed in Sections IV
and V, PAR degrades the communication quality of single user
point-to-point wireless systems and CDMA-based multi-user
systems. Therefore, PAR is an important parameter that affects
both energy consumption and communication quality.

There are several existing techniques to reduce the PAR, in-
cluding clipping [17], block coding [18], and the use of com-
panding transform [19]. However, if raised the cosine pulse-
shaping filter is utilized, the values of PAR can also be changed
by the roll-off factor of the pulse-shaping filter. Since the pulse-
shaping filter can suppress intersymbol interference (ISI) and is
one of the basic base-band blocks in most communication sys-
tems (dash box in Fig. 1), this technique can be used in addition
to the existing techniques.

The raised cosine filter in time-domain can be described by

[20]
h(t) = <sin(7rt/Ts) > cos(mat/Ts)
it 1 — (4at/(2Ty))?
where 75 is the symbol rate and « is the roll-off factor. As de-
scribed in [20], lower « results in higher amplitude of the side-
lobe, and after the signal passes through the pulse-shaping filter,
the signal peak value increases due to the convolution process.

Fig. 4 depicts the frequency response of the pulse-shaping
filter. Since the signal average power is affected by the effective
area of the frequency response of the pulse-shaping filter, from
Fig. 4, we can expect that with the variation of «, the signal
average power P, will not change dramatically. Thus, we can
conclude that with the increase of roll-off factor «, the PAR will
reduce.

Fig. 4 also shows that higher roll-off factor « value results in
larger signal bandwidth. When o = 0, the frequency response is
rectangular, the regrowth bandwidth is zero, and the PAR is the
highest. As « increases, the bandwidth increases and the PAR
reduces. Therefore, the roll-off factor can be used to control the
occupied signal bandwidth and PAR.
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PAR is also affected by the modulation level b. The relation
between PAR and modulation level b can be expressed as [21]

. PARC>

where PAR¢ is the PAR of the carrier. If the carrier is a sine
wave, PARc = 1.4. This equation also shows that PAR in-
creases with modulation level b.

Thus, PAR is a function of both modulation level b and roll-off
factor «, and the two parameters are independent

PAR(dB) = PARmodulation(dB) + PARroll—off(dB)

( 3-(2v/2 — 1) )
=10-log -PARc

(2}) /2 + 1)
+ PAR o110t (AB).

1/f noise is an intrinsic noise phenomenon found in semi-
conductor devices with a —10 dB/dec frequency dependency in
power. We define the power spectral density V,2(f) of 1/ f noise
as

3. (262 1)

PARmodulati0n<dB) = 10- log ( (211/2 + 1)

K,
f

where K, is a device dependent constant. From the previous
equation, we can see that 1/ f noise can dominate the base-band
noise budget in direct conversion receivers. The intersection of
the 1/f and thermal noise curves is often referred to as the
corner frequency feor.

Fig. 5 shows the power spectral density of 1/f noise and
thermal noise. The signal bandwidth is BW = fs — f1, fo is
the signal center frequency, and Ny is the thermal noise floor.
At the corner frequency feor, we have

K’H
fCOI‘ .

VI(f) =

Ny =

The integrated noise power, including the effect of both 1/ f
noise and thermal noise can be estimated as

Nlntcg—NO (fZ_fl /_df

=N, - {BW 4 foor-In
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Fig. 6. Binary-weighted current steering DAC with differential switches.

Thus, integrated noise is affected by both the signal band-
width and center frequency. As the modulated signal is moved
to low IF bands, the impact of 1/ f noise on SNR can be reduced.
In this paper, we assume that the integrated noise has a Gaussian
distribution. For a superheterodyne receiver, 1/ f noise is neg-
ligible because the signal is substantially amplified by IF gain
and filtering stages. When the amplified signal is downconverted
to baseband, 1/f noise becomes insignificant relative to the
signal power. However, for a direct-conversion system which
has useful signal around dc with minimum filtering, 1/ f noise
degrades the communication quality.

III. POWER MODEL

In this section, the power models for each of the components
in the analog signal chain of a transceiver are presented. The ex-
isting power models for ADC [11], DAC [21], and class A PA
[12] have been enhanced and new models have been developed
for the phase-locked loop (PLL) and voltage-controlled oscil-
lator (VCO).

A. DAC Power Model

The DAC converts the digital signal obtained at the output of
the digital modulation block to analog signal. It is the first block
in the analog signal chain of the transmitter.

In this model, a current-steering DAC architecture with dif-
ferential switches is used, in which the binary scaled current is
always on and routed to the output load or to the ground (Fig. 6).
The DAC power consumption is related to PAR, SQNR, signal
bandwidth, and resolution. It can be divided into two parts: the
static power consumption P; and the dynamic power consump-
tion P;. According to Fig. 6, the power of the current sources
can be calculated as

Ni—1

22

where Vg4 is the power supply and N7 is the resolution bits. I
is the unit current source per LSB, which is a constant value for
a given DAC. In this paper, we assume Iy = 5 uA.

I)s_ dd IO - dd IO (2]\71_1)
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The dynamic power model is similar to [24], with the signal
centered around dc. For the N; switches in Fig. 6, P; can be
calculated as

P;=05-N;-C,-OSR-B-V}

where C), is the parasitic capacitance of each switch, the factor
0.5 is the value of switching probability during a symbol transi-
tion. B is the signal bandwidth and OSR is the oversampling rate
representing the ratio between signal bandwidth and sampling
rate. Higher OSR reduces the reconstruction filter requirements,
moving the Nyquist images further out. For the proposed model,
OSR= 4.

In data converters, the resolution N; can be expressed in
terms of SQNR and signal PAR as shown in [21]

_ SQNR(dB) + PAR(dB) — 4.77 dB

Ny
6.02

3)

Thus, the total power consumption of DAC, Ppac, can be
expressed as a function of PAR, SQNR, signal bandwidth B,
and resolution N, as follows:

Posc = Vaq - Io - (2SQNR((1B)+PAR((1B)—4.77(1B/6.02 _ 1)

SQNR(dB) 4 PAR(dB) — 4.77 dB
6.02
-C,-OSR-B-V},. (4)

+0.5-

B. Analog Filter Power Model

There are several analog filters in a transceiver front-end.
These include the reconstruction filter of the DAC, RF filter
in the transmitter, RF band select filter, and the base-band and
anti-aliasing filter in the receiver. The reconstruction filter in the
transmitter suppresses the Nyquist images due to zero order hold
(ZOH) operation of the DAC. The RF filter at the output of the
PA helps with suppression of spurious emissions and thermal
noise floor from transmitter circuitry. At the receiver, the RF
band select filter suppresses wideband interference signals and
helps with the linearity of the receiver. Base-band filters sup-
press in-band interference and help with anti-aliasing filtering
for the ADC.

We can estimate the baseband active analog filter power con-
sumption as follows [22]:

Patter =1 - kT - Q - fo - SNR? (5)

where 7 is a proportionality constant depending on the filter
topology and the active elements used (op-amp RC, transcon-
ductance-C, etc.), @ is the quality factor, fj is the center fre-
quency (band-pass filter) or corner frequency (low-pass filter),
and SNR is the signal-to-noise ratio of the filter.

Similar filter types have been used for both the transmit and
receive base-band chains. If a direct downconversion receiver
and direct upconversion transmitter is utilized, the power model
for the analog filter can be used to calculate the majority of ac-
tive filters used in transmit and receive chain of an RF trans-
ceiver. The power consumption of the analog filter is related

to the in-band SNR, linearity, roll-off characteristics (quality
factor), and signal center frequency. Passive RF filters such as
ceramic and surface acoustic wave (SAW) filters have not been
included in the transceiver power model, since they do not con-
sume quiescent power and their specifications are not directly
related to base-band modulation requirements.

C. Frequency Translation Circuits

Frequency translation (upconversion and downconversion)
in RF transceivers are performed with mixers. This frequency
translation is a result of time-domain multiplication of high
frequency input signal (RF input) with a spectrally clean local
oscillator (LO) signal. The LO signal is generated by a PLL
synthesizer coupled with a VCO. In the following sections,
RF PLL building blocks as well as mixer power consumption
is modeled with respect to frequency of LO (FLo), reference
frequency (Fer) and LO signal swing.

1) PLL Power Consumption: The most critical building
blocks that consume quiescent current for a PLL frequency
synthesizer are the multi-modulus feedback divider (MMD),
charge-pump phase-frequency detector (PFD), and in the case
of fractional-N PLLs, the fractional controller. For narrowband
communication systems, where RF center frequency F1o is
much higher than the occupied bandwidth of the modulated
signal BW, the power consumption of a PLL with frequency
multiplication ratio of IV can be estimated as follows:

Poi=b1-C1- Vi -Fro+ba-Co- Vi« Fret (6)
where C; and C; represent the total parasitic capacitance
loading of the RF circuits, Fi¢f is the reference frequency and
Vaa is the supply voltage, which is also assumed to be equiv-
alent to the LO voltage swing. The first term in (6) predicts
power associated with frequency dividers as well as buffers
working at F1o frequency. b, is the proportionality constant
that is a function of the process, and includes impact of phase
detector, as well as clock reference buffers, charge pump PFD.
In the case of fractional-N PLLs, the XA modulator controller
for the divider also adds to this power consumption number.
The b term is, therefore, bigger in fractional-N PLLs compared
to integer PLLs.

A detailed PLL power model has also been proposed in [25].
In comparison, the PLL power presented represented by (6) does
not include the power consumption of the PLL start-up sepa-
rately. The proposed model assumes that there is a start-up cal-
ibration cycle that enables a fast locking behavior.

2) VCO Power Consumption: VCO phase noise determines
the far-out phase noise of the LO signal and has direct impact on
the receiver noise figure (NF) and transmit signal quality (EVM
and transmit signal mask requirements). Low phase noise is a
critical requirement for RF VCOs since power consumption is
usually inversely proportional to phase noise in these VCOs.
In this paper, LC-tank-based VCOs are considered, since they
provide lower phase noise at lower signal swings.

A general LC-tank-based VCO is symbolized in Fig. 7. The
oscillator consists of a parallel resonant tank built by an inductor
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L, capacitor C, with an active element denoted by negative re-
sistance — R compensating for tank losses. The voltage depen-
dent capacitor C (varactor) tunes the center frequency w, of the
VCO yielding w, = (1/VLC).

Using energy conservation, the peak energy stored in the in-
ductor and the capacitor should be equal (C' - V;3)/2 = (L -
I2,)/2, where V;, and I, is the peak voltage and current am-
plitude inside the tank circuit. The power loss in the tank resistor
can be calculated as

Pveo=R- I} = C%Vﬁk = RC*W2V3 = %Vﬁk. (7

As shown in (7), the power consumption of a VCO increases
with peak signal swing. For a given series resistance, the
efficiency can be increased by increasing the inductance. For
an MQAM communication system, the LO phase noise plays
an important role in received signal quality (EVM). Utilizing
Leeson’s model, the phase noise power spectral density Sg for
an LC-tank-based VCO follows:

k-T w?
Sy =NEF- ———— - < 8
¢ Z'Psig QZAWZ ( )

where NEF is the noise excess factor of the active device used
in the oscillator, @ is the quality factor of the LC tank, Py, is
the ac signal power of the oscillation waveform, and Aw is the
offset frequency from the carrier. An obvious method to reduce
phase noise is to increase signal swing. However, this will in-
crease oscillator power consumption quadratically, as shown in
(7). Another critical parameter to reduce the phase noise of the
oscillator is the tank quality factor

1 /L L
Q= E\/g = [We 9)

Utilizing (7), we can get a relationship between the power
consumption and single-side-band phase noise of an electrical
oscillator. Solving for F;s in (8), we have

k-T w?

Cc

P, = NEF - : .
8 2.5, Q% (Aw)?

Solving for Py, in (7) for Psig = Vp2k/ 2

R\? E-T 1
PVCO:C-<—> -NEF - : (10)

L Sy (Aw)?

For a given MQAM system, SNR and EVM, phase noise re-
quirements (Sg, as well as oscillation frequency for the LO are
fixed. In the proposed power model, EVM specifications and
constellation size have been used to derive VCO phase noise
requirements [39]. Phase noise is then used to estimate VCO
power consumption for a state-of-the-art LC-tank oscillator
quality factor.

D. LNA and Mixer Power Model

There are two mixers in the transceiver. The upconversion
mixer in the transmitter moves the base-band signal to a higher
frequency. The downconversion mixer in the receiver demodu-
lates the RF signal from RF to baseband.

The power model of the mixer is a function of the noise figure
N F and the gain K [23]

Pmixer = kmixer . K/NF (11)

LNA amplifies the received signals with low input referred
noise. LNA determines the overall noise figure of the receiver.
The power model of an LNA is similar to that of the mixer. It is
also a function of the noise figure N F' and the gain A [23]

Pixa = kixa - A/NF. (12)

Note that the N F' and gain of an LNA is optimized for the full
receiver bandwidth. Therefore, the power consumption of the
LNA and mixer is not a function of the occupied RF bandwidth,
but the overall receive channel bandwidth.

E. PA Model

The PA increases the signal power so that the antenna can
radiate sufficient power for a reliable communication. The pro-
posed model utilizes Class A linear PAs, since they are com-
monly used in QAM-based single user point-to-point systems.
The high linearity of this amplifier preserves communication ac-
curacy and limits spectral regrowth.

The efficiency 7 of Class A PA is proportional to the rms value
of the output power [12]

_Prms_ K
"= Por T PAR

13)

where P, is the output power and K is a proportionality con-
stant. We choose K = 0.5 in our simulation.
Therefore

Prms
Ppy = 7 PAR. (14)
where P,,s is proportional to the detected signal power
Pletectea at the receiver, the antenna gain, and the propagation
distance. According to [20], the symbol error rate at the receiver

can be expressed as

3- Pdetected ) (15)

SER:“(“%M)'Q( (T-1)-N
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TABLE II
RF POWER CONSUMPTION FOR DIFFERENT BLOCKS IN THE RF FRONT-END OF A TRANSCEIVER
Components Power Exemplary PAR=10dB  PAR=3dB
Model power
Parameters
PA PAR, d, b, SER  5270mW[27'] 400 mW 79.8 mW
Mixer K,NF 21mW([28] 2ImW 2ImW
Freq. Syn. ., Fr o, me 52mW[29]+ 67.5mW 67.5mW
15.18mW[30]
LNA A, NF 21mW[31] 20mW 20mW
ADC PAR, SNR, f 4.5mW[32] 7.8mW 5.2mW
DAC PAR,SNR 24 mW([33] 27.4mW 12.2mW
Filter f, SNR 3.9mW[34] SmW SmW
BA B, apy 7.2mW([35] SmW SmW

P,ms = 13 dBm; PAR is the peak-to-average ratio; SNR is the signal-to-noise ratio; SER is the symbol error rate; d is the transmission distance; b is the number
of bits per symbol; K is the gain of the mixer; /V F" is the noise figure; w. is the center frequency of VCO; F1,o is the frequency of the local oscillator; Fi.c¢ is the
reference frequency; A is the gain of LNA; f is the signal frequency of ADC; B is the bandwidth of the base-band amplifier; a4 is the gain of the base-band

amplifier.

' The PA power consumption in the reference is the maximum value. However, most of the time PA output power is much lower than the maximum value. For
example, the output power of a linear PA for IS-95 CDMA system varies between —5 and 15 dBm [40]. In our proposed model, the PA power consumption is

138.13 mW with a 13-dBm output power.

where N is the noise power and M is the constellation size.
Therefore

1 1 1\7! ’
_Z(9b_1\.N. -1 = -
I)detected - 3 (2 1) N <Q <4 <1 21)/2) SER)) .

Assuming free space propagation at distance d (meter), the av-
erage transmission power P, is given by [20]

PrmsG GT/\Z
Pdeter,ted = ( !

Am)2 - d2 - L (16)

where G; and G, are the transmitter and receiver antenna gain,
L is the system loss factor not related to propagation, and X is
the carrier wavelength. The power consumption of the PA is thus
given by

16-72-d?*- L
3G,.Gi)\? - K

(1 1\ ’
o Z(“W) SER | | PAR. (17)

F. Base-Band Amplifier (BA) Power Model

After downconversion, an IF (or baseband) low-noise ampli-
fier is used to provide gain for signal before A/D conversion.
Larger signal amplitudes give a higher SNR in the ADC and
improve the receiver BER. Depending on the receiver linearity
requirements, multiple filter and gain stages may be necessary to
suppress in-band interferers. As shown in [15], the power con-
sumption of the base-band amplifier is proportional to the gain
and its bandwidth

Ppy = (2 -1)-N

Ppya=k-(B+ f,) apa (18)

where the coefficient %k is decided by device dimensions and
other process parameters, and fq is the center frequency (see
Section II-C). ap 4 is the baseband amplifier gain and is assumed

to be aga = 5.

G. ADC Power Model

The ADC converts the base-band analog signal to the base-
band digital signal in the receiver. If Nyquist-rate ADC is used
in the transceiver, we can use an accurate power estimation
model based on [11]. The power consumption of ADC can be
calculated as follows:

Vd2d . Lmin ) (fsample + fsignal)
10(—0.1525-N1+4.838)

Papc =

where N; is the resolution of the A/D converter, L,,;, is the
minimum channel length for the given CMOS technology. For
our analysis, we assume L, = 0.4 pum and Vgqg = 3V, and
Ny is a function of PAR shown in (3)

Vd2d * Linin - (fsamplc + fsignal)
10—0.0253-(SQNR+PAR)+4.959

Papc = 19)

H. Power Model Summary

Table II summarizes the effect of different parameters that
contribute to power consumption of different front-end compo-
nents. For instance, Class A power amplifier is a function of
PAR, distance d, number of bits per symbol b, and symbol error
rate SER. Table II also lists the power consumption of the dif-
ferent components in an RF front-end for two values of PAR:
3 and 10 dB. We see that while the PA power is less domi-
nant at lower PAR values, it is by far the largest component for
high PAR. As a comparison, exemplary power values from most
commonly referred publications are listed in Table II.
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TABLE III
SIMULATION ENVIRONMENT

B=IMHz Gr=1
Gt=1 L=0.8
f.=2.5GHz A=0.12m
o=0.5 K=0.5
Ny/2=10"W/Hz BER=10"*
d=10m bdefault=4
SONRspc=50dB SONRpac=60dB
OSRpac=4 Iy pac=10uA
AR B e e e e R =S
e e e e il s L.
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Fig. 8. Power consumption of PA, ADC, and DAC for different PAR; transmis-
sion power P, s = 13 dBm, 16 QAM modulation, d = 10 m.

In Table II, power consumption of PAR sensitive components
are simulated according to the parameters shown in Table III,
while the other assumed power values are in a reasonable range
compared with the published power values.

IV. SINGLE USER WIRELESS DATA COMMUNICATION SYSTEM

In this section, a single user wireless communication system,
similar to IS-136 time division multiple access (TDMA) and
global system for mobile communication (GSM), is studied. We
assume that MQAM is used as the modulation scheme, and be-
cause of the linearly requirement of MQAM, the Class A PA
is adopted. Since PA is the dominant power source and is PAR
sensitive, the effect of PAR on the communication quality and
the energy consumption of such a system are evaluated.

A. Energy Consumption

From the power models described in Section III, we see that
PAR directly affects the power consumption of PA, ADC, and
DAC. The power consumption of filters, mixer, frequency syn-
thesizer, and LNA is not directly affected by PAR. Fig. 8 illus-
trates the effect of PAR on the power consumption of the PA,
ADC, and DAC. It is clear that the power consumption increases
with PAR, and that the PA power is impacted the most. For ex-
ample, the PA power increases by more than a factor of 3.16

x10
2.5 T T T T T T T T
I I 1 1
—+— Rs=0.1x10° symbols/s ! ! ! !
-%¥- Rs=0.3x108 symbols/s | | | . I
ol __ | —e— Rs=0.6x10%symbols/s | ___i____, '
—— Rs=0.8x108 symbols/s | | |
— -%- Rs=1x10°% symbols/s ! !
5
E i | | | |
-0:15 ________ L I e e e
Qo | 1
3 \ '
Q I
3 |
g [
C
LLI L
|
|
Y] S
I
A Ztshinkint lV‘
______ e
0 i
3 4

PAR (in dB)

Fig. 9. Active energy consumption per bit for 16 QAM for different values of
PAR, transmission power; Prms = 13 dBm, d = 10 m.

(159.2 to 536 mW) when the PAR increases from 6 to 11 dB. In
comparison, the ADC power consumption increases by a factor
of 1.34 and the DAC power increases by a factor of 1.78. Fig. 8
also shows that the power consumption of PA is much more than
that of ADC and DAC.

The rest of this section presents the evaluation results for the
energy performance of the system with respect to the active en-
ergy per bit, Ey;;

Ebit = (Pnon—pPar + Prar)Thit
= (2Ppmixer + 2Prs + Pina + Phiter + Pea)/(Rs))
+ (Ppa + Papc + Ppac)/(Rsb). (20)

Here Ppag represents the sum of the power of the components
related to PAR and P,,,—par represents the sum of the power
of the components not related to PAR. R is the symbol rate and
b is the number of bits in one symbol (b = log, M).

Fig. 9 shows the effect of PAR and the symbol rate Rs on
the active energy per bit, Ey;, for b = 4. For fixed Rs and
fixed b (bits/symbol), Fy,;; increases with PAR. This is because
the power consumption of PA, ADC, and DAC increases with
increased PAR (Table II). If we further fix PAR and compare
FE},;¢ for different symbol rates, we can see that as the symbol
rate increases, the energy consumption reduces. The trend is
similar to that in [1].

Fig. 9 also shows that F};; can be reduced by operating
the system at high symbol rates. Higher symbol rate results in
shorter bit duration (T};x o< 1/Rs), which results in reduced
analog circuitry energy. If the symbol rate is low, it is even
more important that the PAR be kept as low as possible.

Next, the effect of b, the number of bits per symbol (for a
fixed symbol rate R;), on E};; is compared. While the PA en-
ergy consumption increases with transmission distance d and b
(bits/symbol) [see (17)], the active energy of other components
is inversely proportional to b [see (20)]. For small values of b,
PA energy consumption is low and FE},;; reduces with increase in
b (bits/symbol). For higher b (bits/symbol), PA energy consump-
tion becomes dominant and F},;; increases. For a specific value
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Fig. 10. Energy consumption for different b (bits/symbol), d = 10 m, R, =
0.5 MHz.

of a, there is an optimal value of bop¢ (bits/symbol) for which
By 1s the minimum. This optimum is demonstrated in Fig. 10
for transmission distance d = 10 m.

The relation between FEy;; and b (bits/symbol) for different
« is also considered. As « decreases, the optimal value of b
reduces. This is because as « decreases (PAR increases), the PA
power becomes dominant for lower values of b (bits/symbol).
The effect of PAR on energy consumption and quality has not
been considered in [15].

For a fixed «, the Ey,;; trends presented here are similar to [15]
and [26]; when the transmission distance is low; E},;; reduces as
b increases for small b, and then increases for larger b.

As the transmission distance increases, the optimal b (bits/
symbol) corresponding to minimum Fjy,;; also reduces. This is
because as the distance increases, the impact of PA energy in-
creases.

B. Communication Quality

Next, the communication quality (SER) of a point-to-point
wireless data communication system based on MQAM is
presented. As shown in Section II-C, PAR can be adjusted by
changing the roll-off factor « of the pulse shaping filter. Note
that a changes the signal bandwidth by a factor of (1 + «)
[20]. If the bandwidth of the low-pass filter in the receiver is
the same as signal bandwidth and the received signal power is
kept the same, the noise power equals

N =2Bo? - NF =2R,(1+a)-0?-NF 1)

where o2 is the single-sided noise power spectral density and
N F is the noise figure. Combining (15) and (21), we have

1
SER=4|1- —
( m)
3'Pdetected )

Q <\/(M—1)-2RS(1+a)-02-NF
where Q(z) = 1/V2r [° e~V 2dy.
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Fig. 11. Single user MQAM system: SER and PAR versus «, d = 10 m; PAR
curve is plotted by randomly generated 16 QAM signal.

Assuming
Pdetected
NRp = ———————. 22
SNRo = R0 NF 22)
‘We obtain
1 3-SNRy
SER=4(1—— - 23
< \/_M> N \/(M—1>-<1+a> =

Equation (23) establishes the relationship between SER and pa-
rameters o and M. Fig. 11 shows how SER increases with the
increase in roll-off factor « for different constellation sizes,
M =8, 16, 32. The increase in SER can be explained as fol-
lows: the increase in « expands the signal bandwidth and makes
the integrated noise power increase. Fig. 11 also demonstrates
the effect of « on the PAR. For a given M, as « increases, PAR
reduces causing Fj;; to reduce as well (see Fig. 10).

C. Low Energy System Design for a Specified SER

The previous analysis can be used to design a low energy
system with a given SER specification. From Fig. 11, we can
find multiple combinations of roll-off factor « and constella-
tion size M that satisfy the SER requirement. For each candi-
date combination («, M), the active energy per bit, E};;, can be
compared to Fig. 10 and then the one with minimum Fj,;; can
be chosen. Thus, for a given SER, the system roll-off factor o
and b (bits/symbol) corresponding to the minimum energy con-
figuration can be determined. Note that the minimum energy
configuration changes with distance d.

V. SPREAD SPECTRUM MULTI-USER WIRELESS
COMMUNICATION SYSTEM

This section presents the performance evaluation of a wireless
transceiver in a CDMA-based multi-user wireless communica-
tion system, such as IS-95 and CDMA 2000. When the number
of users is low, the dominant cause for interference is thermal
noise, which is similar to point-to-point single user commu-
nication system. However, if the number of users is high, the
dominant cause of interference is not thermal noise, but MAI
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from other users. This is why thermal noise is typically ignored
in high capacity DS-CDMA performance evaluation [35], [36].
But for wireless transceiver design with a variable number of
users, it is important to consider the effect of both thermal noise
and MAL

A. Communication Quality

This section demonstrates the effect of thermal noise, MAI,
and the number of users in the cell on the communication
quality (SER). We assume that BPSK modulation is used. The
MAI related component is modeled as a zero-mean Gaussian
random variable with a variance of Var(MAI). The thermal
noise related component is also modeled as a zero-mean
Gaussian random variable with a variance of Var(N). We
choose the standard Gaussian approximation (SGA) [35], [36]
to evaluate SER. According to SGA, and the probability of bit
error rate (for BPSK, BER=SER) of any user can be expressed
as [37]

SER = Q ([Var(N) + Var(MAI)]‘%) (24)
where Q(x) = 1/V27 [ e ¥ /2dy, Var(N) = (No/2Emi),
and Ny are the noise power spectral density.

According to (21) and (22), we have
. N(] - 14+«
"~ 2B 2-SNRg’

Var(N)
The variance of MAI is given by [36]

S—-1 (1 a)
2-PN 4

where S is the number of users in the system and PN is the length
of the spread spectrum sequence. So SER can be expressed as
14+«

S—1 ay]"?
SER=Q<[2.SNRO+2.PN(1—Z)} ) (25)

Fig. 12 describes how SER changes with roll-off factor « as
the number of users in the system changes. It also shows the ef-
fect of MAI and thermal noise on SER for a different number of
users. For a CDMA-based multi-user system with fixed roll-off
factor o, as the number of users increase, the communication
quality due to MAI deteriorates. When the number of users is
more than 10,! MAI is dominant and SER reduces with the in-
crease in roll-off factor «v. For instance, if the number of users
is 50, SER reduces from 0.0734 for o = 0.2 to 0.0654 for o =
0.6 (see Fig. 12). The reduction is because lower PAR (corre-
sponding to greater «) introduces less MAI interference to other
users in the same system—a trend that has also been demon-
strated in [35] and [36]. However, when the number of users is
low (less than 10), MAI is not as important as thermal noise and
SER increases with roll-off factor « (dashed line in Fig. 12).
For instance, as shown in Fig. 12, when the number of users
approaches 10, SER increases from 6.98 x10™* for o = 0.2

Var(MAI) =

110 is the approximate solution for the differential equation (9SER/9S) =
0.
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Fig. 12. CDMA-based multi-user system: SER and PAR versus oo, PN = 63;
PAR curve is plotted by randomly generated 16 QAM signal.

to 8.18 x10™* for @ = 0.6. This trend is similar to that of
point-to-point communication (Section IV-B). However, if only
MAI is considered for such a system (dashed line in Fig. 12),
we may conclude that SER reduces with oo which is not correct.

B. Energy Consumption

Although a CDMA system works at a higher center frequency
and wider modulation bandwidth, its RF front-end is similar
to a single user point-to-point communication system. Conse-
quently, the effect of PAR on the front-end energy is similar,
and higher PAR introduces higher energy consumption.

C. Low Energy System Design for Specified SER

The previous analysis can also help design a low energy
CDMA wireless transceiver for a given SER. The number of
users in the system must be considered since it determines
whether MAI is the dominant source of SER degradation.

For a multi-user CDMA system with more than ten users,
PAR reduction helps in reducing front-end energy consump-
tion and in enhancing communication quality. This comes at the
price of increase in occupied signal bandwidth. Therefore, PAR
(roll-off factor ) is an important control knob for the tradeoff
between energy and occupied signal bandwidth. On the con-
trary, for a CDMA system with less than ten users, PAR (roll-off
factor ) has the inverse effect on front-end energy consumption
and communication quality, and PAR is a critical control knob
for establishing the tradeoff between them.

VI. RECEIVE-ONLY SYSTEMS

This section studies the energy and communication quality
tradeoffs for receive-only systems, such as digital video broad-
cast for handhelds (DVB-H).

For DVB-H, 16 QAM is assumed for the analysis and because
of the power constraints; both direct-conversion receiver (DCR)
and low-IF downconversion are considered. While use of DCR
allows us to remove IF analog components and thereby lower
power, after downconversion from RF to baseband, the signal is
subjected to 1/ f noise in base-band amplifier, base-band analog
filter, and ADC. As an alternative, to avoid 1/ f noise, the signal
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Fig. 13. Low IF downconversion to reduce the impact of 1/ f noise.

TABLE IV
SIMULATION ENVIRONMENT FOR RECEIVE-ONLY SYSTEM
BW=IMHz Center Frequency
fo=3~10MHz
SNR=12dB Default modulation level
b=4
feor=0.2BW NF=10dB
a=0.5 Sensitivity = -103dBm
80r
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Fig. 14. RF power consumption for different blocks in DCR receiver.

can be moved to a lower IF frequency instead of baseband (see
Fig. 13). The base-band amplifier, base-band filter, and ADC
now work at a higher frequency and consume more power. The
increase in power consumption is especially significant since
DVB-H systems have no transmit channel. Therefore, the IF
center frequency can be used to establish a tradeoff between RF
energy consumption and communication quality.

A. Energy Consumption

From the power models described in Section III, we see that
base-band signal center frequency directly affects the power
consumption of the base-band amplifier (BA), base-band analog
filter, and ADC. Other components are not directly affected
by signal frequency. The simulation environment is given in
Table IV. Fig. 14 illustrates the phenomenon for two different
signal center frequencies: fo = 3 MHz and fy = 9 MHz. We
see that although the power consumption of BA, ADC, and the

x 10
-
L e
T T B B B e
N el
e e o
I_.v‘—l | I I I | I
a1 [ | | | | | 1
S S S S A
Py I | | I I I | I
) I | | I
_ 6
§/2.5 _____ i‘"“i‘““l:‘““’:'“ =¥= Rs=1x10 %ymbols/s |
5 | i | | =+ Rs=2.5x10" symbols/s
5 ! ! ! I | =+ Rs=4x108symbols/s
g: ) I L\l ___l_| == Rs=6x10°symbols/s |__|
D I | | I I I | I
® | | | | | | | |
& TR W R S DU SR |
B I I I B e sy :
| U |
i | i | | | | |
IS S S B S SN SO S S|
[ NS L
“.———L_.-—dl-——-‘--_'i'-'.--i -?- :- r
I | | I I I | I
etiaememede e e
3 4 5 6 7 8 9 10 11 12

Low IF signal frequency (MHz)

Fig. 15. Receive-only 16 QAM system: Energy consumption per bit for dif-
ferent base-band signal center frequencies.

base-band analog filter are not very large, the overall power in-
crease in the receiver is about 16.5%, which cannot be ignored
in receive-only systems.

In the remaining part of this section, we evaluate the energy
performance of the system with respect to the active energy per
bit, Ebit = (Pnon—freq + Pfreq>Tbit, where Pnon—freq repre-
sents the sum of the power of the nonfrequency related com-
ponents and P4 represents frequency related components, re-
spectively. Ppon—freq 1S the sum of the power of mixer, fre-
quency synthesizer, and LNA, and is equal to 110 mW according
to Table II. In summary

Byt = (110 + Paner(f) + Pa(f) + Papc(f)) /(Rsb)

where R, is the symbol rate and b is the number of bits per
symbol (b = log M). Next, we show how the symbol rate Ry,
low IF center frequency, and the number of bits per symbol b
affect the energy per bit Fyy.

Fig. 15 shows the effect of the low IF signal center frequency
and the symbol rate on the active energy per bit, Fy;, for 16
QAM (b = 4) modulation. For fixed R, and fixed b (bits/
symbol), Ey; increases with the signal frequency. This is be-
cause the base-band analog filter, BA, and ADC work at a higher
frequency and consume more power (see Fig. 14). If signal fre-
quency is fixed and F};; is compared for different symbol rates,
we can see that as the symbol rate increases, the energy con-
sumption reduces. This is because higher symbol rate results in
shorter bit duration (Tyi; o< 1/Rs). Thus, for 16 QAM mod-
ulation, lower IF signal frequency and/or higher symbol rates
help reduce Ey;;. Unfortunately, this also deteriorates commu-
nication quality as will be shown in the following section. If the
symbol rate is low, it is especially important that the signal fre-
quency be kept as low as possible to save energy.

Next, the effect of b, the number of bits per symbol for a fixed
symbol rate R, and low IF signal frequency is evaluated. Fig. 16
shows that the receiver energy consumption per bit reduces as b
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Fig. 16. Receive-only MQAM system: SER and energy per bit versus b.

reduces. This is expected since higher b value results in shorter
bit duration (T}, o< 1/b). Note that the Ey;; versus b trend for
receive-only system is different from that of single user point-to-
point communication system (see Fig. 10). This is because there
is no PA in the receive-only system, and the effect of increasing
PA power with increasing b is nonexistent.

B. Communication Quality

This section describes the effects of low IF signal frequency,
roll-off factor «, and b (bits/symbol) on the communication
quality. If the bandwidth of the bandpass filter in the receiver is
the same as that of the signal, the noise power is expressed as
shown in (2). If the integrated noise has a Gaussian distribution,
then SER can be expressed in a way similar to (23)

1
SER=4(1—- —
< \/M>
3'Preceived

@ <\/(M—1)- No-[BW + feor-In (fo+¥)/(fo—¥)]> '

Assume SNRg = Pheceivea/(No - BW) = 12 dB, then SER
can be expressed as shown in (26) at the bottom of the page.

Since the pulse shaping filter roll-off factor o changes the
signal bandwidth BW by a factor of (1 4+ «) [20] and M =
2b, (26) establishes the relation between SER and parameters
roll-off factor «, the signal frequency fo, b (bits/symbol).

Fig. 16 also shows how SER increases with the increase in
b (bits/symbol) for fixed signal frequency and different roll-off
factor ov. Larger constellation sizes (M = 2°) result in shorter
signal distance, making the signal more susceptible to noise. If
we fix b (bits/symbol) value, smaller « results in better com-
munication quality. This can be explained by the following: the
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Fig. 17. Receive-only MQAM system: SER and power versus low IF signal
frequency; o« = 0.5.

increase in o expands the signal bandwidth and integrates more
thermal noise power.

Fig. 17 illustrates how SER reduces with the increase in the
signal center frequency for different constellation size (M =
8, 16, and 32). If we change the signal frequency from 3 to
5.5 MHz, we find that high signal center frequency reduces the
effect of 1/f noise.

C. Low Energy System Design for a Specified SER

Figs. 16 and 17 help to design a low energy receive-only
system for a given SER specification. There are multiple com-
binations of low IF signal frequency fy and b (bits/symbol) that
satisfy the SER requirement from Fig. 17. The combination
with minimum signal frequency fo is chosen, since it leads to
minimum energy consumption. Then we utilize Fig. 16 to ad-
just the roll-off factor « for the best communication quality.
Thus, we can determine the combination of roll-off factor «,
b (bits/symbol), and signal frequency fy corresponding to the
minimum energy configuration for a given SER.

VII. CONCLUSION

In this paper, a system level energy model for the RF
front-end of a wireless transceiver is developed and the ef-
fects of signal bandwidth, PAR, symbol rate, modulation
level b (bits/symbol), transmission distance, and the signal
center frequency on the RF front-end energy consumption
and communication quality is considered. Three representa-
tive communication systems have been studied: a single user
point-to-point system, a CDMA-based multiuser system, and a
receive-only system. For single user systems, a detailed study
of the effect of PAR on RF energy consumption and SER is
presented. It is shown that symbol rate, constellation size, and

3 - SNRg

1
SER :4(1_\/—M>'Q(\/(M—1)'[1 + 5o feor In(fo+ 2 / (fo-%)])

(26)



102 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 15, NO. 1, JANUARY 2007

pulse-shaping roll-off factor can be used to control the en-
ergy consumption and communication quality. For multi-user
CDMA-based systems, it is shown that the effect of PAR on
RF energy consumption is similar to point-to-point single user
systems but their effect on SER is different because of MAL
For such systems, the number of users and MAI are also im-
portant in deciding the system energy and quality performance.
For receive-only systems, the effect of 1/ noise and low IF
signal center frequency on DVB-H is evaluated. Tradeoffs
between the low IF signal center frequency and the energy
consumption and communication quality are presented. Future
work includes adding the effect of digital power consumption
on the energy-quality evaluation.
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