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Abstract—Indoor networking applications requiring only
low duty cycles and low data rates offer unique opportuni-
ties for drastic reductions in power consumption, leading to
extended battery lifetimes and at the same time delivering
robustness. In order to reach those goals, careful investi-
gation of multiple system level parameters is necessary. A
main distinction can be made between applications requir-
ing both a transmitter and a receiver in the wireless devices,
and applications in which a transmitter that communicates
with a residential gateway suffices. This paper concentrates
on the last class of applications, discussing parameters as
the data rate, the use of spread spectrum and the modula-
tion scheme. It is shown that a data rate of a few kilobits
per second delivers excellent performance in terms of power
efficiency. Furthermore, a system test bench is constructed
using Simulink, in order to verify theory in the comparison
between direct sequence spread spectrum (DSSS), for exam-
ple used in Zigbee, and frequency hopping spread spectrum
(FHSS). Regarding robustness, the results show that FHSS
outperforms DSSS in the indoor environment and for low
data rates. This situation can be changed by increasing the
complexity of the DSSS system, for instance by using equal-
ization techniques. However, doing this may lead to more
power consumption. Finally, reference values for the hop-
ping rate and hopping set are also given.

Keywords— Transmitter, Low Power, Low Data Rate,
Spread Spectrum

I. I NTRODUCTION

Without doubt, it’s possible for anyone to come up with
applications that would benefit from the absence of wire.
Some of these applications may already exist, using wire.
Others might have been possible, yet impractical because
of the need for excessive wiring. In either case, it’s clear
that wireless communications can be a solution for a whole
range of applications. Consequently, requirements of the
wireless link may differ a lot. As a result, multiple stan-
dards have emerged, including Bluetooth [1], Zigbee [2],
ISO 15693 (for RF ID tags), etc. However, none of these
standards are optimized for applications operating at ex-
tremely low data rates and requiring only very low duty

cycles, at the same time extending battery life (assuming
a battery is needed), reducing size and cost and yet still
offering sufficient functionality. Examples of applications
with these characteristics are ambient intelligence, sensor
networking and indoor control functions. This paper gen-
erally focuses on networks of low data rate, low duty cycle
wireless devices.

On the road to suitable implementations, optimized for
low power consumption, the first stop is on the system
level. The most basic question relates to which scenario a
certain implementation may follow. Two clear distinguish-
able scenarios are the one with only a transmitter in the
wireless devices, transmitting data to a wired central node
(transmitter-only) and the one with both a transmitter and
a receiver in the wireless devices (transmitter+receiver).
These scenarios are discussed in section II.

II. SCENARIOS

A very important system parameter is the use of a re-
ceiver+transmitter or a transmitter-only in the wireless
devices. This choice is highly application dependent.
Clearly, transmitter-only is not always an option. Many
applications that use a wireless interface, need a receiver
and a transmitter in the remote units, for instance a wire-
less headset. In a non-critical sensor network, on the other
hand, no information needs to go the other way for func-
tionality, for example in the monitoring of the temperature
in a room and passing the data to a central processing unit.

At first glance, implementing a receiver could have
some advantages, as it allows for more sophisticated duty-
cycle control mechanisms. This way, the wired node of
the network could be set to put the wireless sensors into
and out of some kind of standby or semi-active state. The
controlling events could depend on a combination of var-
ious parameters like hour of the day, direct user inter-
vention, etc... Because of this semi-active state, during
which power consumption is lower, energy could be saved,
making this look like the most-preferred system. Further-
more, transmitter-only poses limitations on other parame-
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ters, like network topology and multiple access scheme.
Yet, there are some counterarguments:

- Evidently, a transmitter-only system is less complex,
cheaper and the individual nodes consume less power. In
addition, a simple duty-cycle control algorithm in the wire-
less sensor is possible as well. For instance, the transmit-
ters may send a new value every 10 minutes, and go into
standby-mode in between.
- Between transmissions, the power consumption of re-
ceiver+transmitter will be higher than transmitter-only.
To be advantageous, the number of transmissions and
receptions has to be significantly lower for a transmit-
ter+receiver system compared with the number of trans-
missions for a similar transmitter-only system.
- Having a receiver in the remote sensors, implies that it
has to listen whether it should go into semi-active state.
When already in this state, it should listen whether it
should become active again (hence the term semi-active).
This means the receiver should check periodically with
the wired node. How often these checks occur determines
quality of service and additional power consumption.
Of course, given the right assumptions, scenarios can be
brought up for which both methods are justified.

Consider for instance a transmitter-only system which
consumes powerPt while sending. The duty cycle is0.1%
and, between transmissions, power consumption isk · P ,
with k respectively0.1%, 0.01% and0. At the same time,
consider a transmitter+receiver system that is set to go
into semi-active mode at night. During a transmission, the
transmitter consumesPt and the receiverPr. The duty cy-
cle of transmissions and receptions1 is 0.2% during 16h
per day. The remaining8h, the duty cycle is reduced
to 0.02%. Between transmissions, power consumption is
k · Pt + k · Pr, with k again0.1%, 0.01% and0 respec-
tively. Figure 1 compares the energy consumption of trans-
mitter+receiver system and the transmitter-only system in
function of the power relation between transmitter and re-
ceiver. As can be seen, the transmitter-only system seems
to outperform the transmitter+receiver system.

Now, on the other hand, consider the same system as
above. Only this time, assume the transmitter-only sys-
tem sends the same information three times per trans-
mission to improve the chance the data arrives correctly.
The transmitter+receiver system can use an acknowledge
signal. Therefore, it is not necessary to send each data
stream twice. Assume that, in1% of the cases a retrans-
mit is needed. Figure 2 compares the energy consump-
tion of these two systems in function of the power rela-
tion between transmitter and receiver for three values ofk.

1i.e. reception of acknowledge and commands that can put the system
into or out of semi-active state

Clearly, under these assumptions, the power requirements
to break even are less harsh and the use of a receiver seems
more justifiable.

-2

-1

 0

 1

 2

 3

 4

 5

 6

 0  0.5  1  1.5  2

E
ne

rg
y 

co
ns

um
pt

io
n/

24
h 

w
ith

 r
es

pe
ct

 to
 T

x-
on

ly
 (

dB
)

Pr/Pt

k=0.1%
k=0.01%

k=0

Fig. 1. Energy consumption for a transmitter+receiver system
in comparison with a transmitter-only system
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Fig. 2. Energy consumption for a transmitter+receiver system
in comparison with a transmitter-only system including retrans-
missions

In spite of these speculations, and considering the ear-
lier arguments, the transmitter-only system may still be a
valid choice for the wireless sensor network. When possi-
ble, leaving out a transmitter in the wireless devices means
less hardware, hence the costs are lower. However, in the
development trajectory, to save money, best would be to
follow a single general approach, that focuses on the more
limited transmitter-only case, but always keeping in mind
the transmitter+receiver scenario for reusability.

III. D ATA RATE

The data rate is a critical factor in radio systems that aim
at low power consumption. Indeed, low power dissipation
requires that complex signal processing such as adaptive
equalization should be avoided when possible. From an
application point of view, there is no tight requirement on
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the data rate due to the low amount of information that
each node should send more or less periodically. Equal-
ization will fix the upper bound for the data rate.

The indoor environment is greatly affected by fading
due to multipath caused by reflections. A channel can be
frequency selective iff0 < 1

Ts
or flat-fading in the op-

posite condition, whereTs is the symbol period andf0 is
the coherence bandwidth, that can be approximated, in the
most pessimistic case, as follows [3]

f0 ≈ 1
50στ

(1)

whereστ is the rms delay spread. Frequency-selective fad-
ing causes distortion because not all of the signal’s spec-
tral components are equally affected by the channel. The
signal’s spectral component, falling outside the coherence
bandwidth, will be affected differently compared to the
components contained within the coherence bandwidth. In
the flat-fading condition, all the spectral components will
be affected in the same way by the channel and there-
fore, unlike frequency-selective fading, flat-fading does
not introduce channel induced Inter-Symbol Interference
(ISI). However, performance degradation has to be ex-
pected whenever the signal experiences narrowband fad-
ing due to large reduction of theSNR. To avoid the use of
equalization techniques and thus save power, the channel
should exhibit a flat-fading response. Taking in account a
στ = 100ns [4], which is a typical measured value for an
indoor environment, the coherence bandwidth is approxi-
mately200kHz. Therefore, to avoid induced ISI, the data
rate should be less than about40ksymbol/s, assuming the
signal bandwidth equals the symbol rate.

The lower bound of the data rate comes from power con-
sumption considerations. Considering a fixed bandwidth
B, a data rateD and a packet lengthLpacket, and sup-
posing that, at each transmission, the node sends one full
packet, the overall average power consumptionPd of the
transmitter node can be approximated as

Pd = Ptx
Ttx

T
+

Pdiss

T
(Ttx +Twu)+

Pidle

T
(T −Ttx−Twu)

(2)
wherePtx is the power radiated from the antenna,Ttx is
the time required for each transmission,Twu is the wake-
up time of the transmitter (i.e. the time required to start up
the circuitry),Pidle is the power dissipated in the idle mode
when most of the transmitter functions are off,Pdiss is the
non-radiated power dissipated by the transmitter andT is
the time interval between two consecutive transmissions.
From the Shannon-Hartley theorem it is known that

D = B log2

(
1 +

Pin,dem

Ntot,dem

)
(3)

whereD is the maximum data rate achievable on a addi-
tive white Gaussian noise channel,Pin,dem is the received
signal power at the demodulator side andNtot,dem is the
total noise power at the input of the demodulator. The term
Pin,dem

Ntot,dem
is the signal to noise ratio at the demodulator side

(SNRin,dem) and can be related to the signal to noise ratio
at the input of the receiver by

SNRin,rec

SNRin,dem
= NF (4)

whereNF is the noise factor of the receiver andSNRin,rec

is the signal to noise ratio at the input of the receiver. Sup-
pose that the received signal arrives attenuated by a factor
α (path loss), considering an additive white Gaussian noise
channel only, then

SNRin,dem =
Ptx

NAWGNB · NF · α (5)

whereNAWGN is the power spectral density of an addi-
tive white Gaussian noise channel (which is equal tok · T
wherek is the Boltzmann constant and T is the tempera-
ture in Kelvin). Substituting (3) in (5), yields an expres-
sion for the transmitted power as a function of all the other
parameters

Ptx = NAWGN ·B · NF · α ·
(
2

D
B − 1

)
(6)

Now the transmission time is defined as

Ttx =
Lpacket

D
(7)

Substituting (6) and (7) in (2), an approximated formula is
obtained for the power dissipated by the transmitter as a
function of the data rate.

Suppose that each node transmits every ten minutes,
with a bandwidth of10kHz, a channel attenuation of85dB,
a wake-up time of a few milliseconds, and aPidle of 10µW.
If the receiver has a noise factor of10dB, then the overall
power consumption as a function of the data rate and the
power used by the transmitter circuitry (excluding the ra-
diated power)2 to transmit data appears as shown in Fig. 3
for a packet length of1000 bits.

From this figure, it is clear that the data rate can be low-
ered till a certain value. Below some hundreds of bits per
second the duty cycle will increase to a point for which

2The transmitted power affects the Signal to Noise ratio at the in-
put of the receiver and therefore, from the Shannon-Hartley theorem,
the capability of the link to support a certain data-rate. The power
consumption of the buildings blocks of the transmitter is somehow a
“wasted” power consumption and therefore it has been decoupled to
analyze how it influences the choice on the optimum data rate.
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Lpacket = 1000 bits
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Fig. 3. Power consumption as a function of data rate and power
dissipated by transmitter circuitry

the power spent in the transmitter circuitry will dominate,
increasing the overall power consumption. This effect is
greater when the power consumption of the transmitter
(excluding the radiated power) increases from one to ten
milliwatt. Raising the data rate above a few kilobits per
second is not useful, since for a fixed bandwidth the advan-
tage from duty cycle reduction is spoiled by the increase
of transmitted power to keep the same performances at the
receiver side (Shannon-Hartley theorem).

IV. SPREAD SPECTRUM

The term spread spectrum is used to describe any tech-
nique in which the bandwidth of the transmitted signal is
much wider than the bandwidth of the information signal.
Spread spectrum techniques are useful for a number of rea-
sons, which include:
• Low power spectral density, so the information signal
looks like noise to other radios.
• High immunity to jamming and interference.
• High resolution ranging.
• Possibility for Code Division Multiple Access (CDMA).
• Effective measure against narrowband fading.
In our case, the second and the last within these charac-
teristics are the most important. Knowing that it is use-
ful to apply spread spectrum to handle interferences, the
next step deals with the choice (from a power consump-
tion point of view) between the two most important spread
spectrum techniques, Frequency Hopping (FHSS) and Di-
rect Sequence Spread Spectrum (DSSS).

A. Modulation

The type of modulation greatly affects the power con-
sumption. It is known from communications theory that a
BPSK modulation technique is optimum in terms of power
consumption. DS spreads its energy by rapidly chopping
the signal in such a way that it is continuous only for a time

intervals ten or more times smaller than the data period. In
this way, the energy of the signal is spread in a bandwidth
ten or more times wider than the data bandwidth. In a
FH system, the spectral power is lowered by hopping over
many channels. During each hop, however, the FHSS sig-
nal appears as a narrowband signal. Normally, FSK mod-
ulation is used in FHSS systems while BPSK is used in
DSSS systems [5]. Moreover, while in a DSSS system a
coherent detection is conventionally employed, in a FHSS
system it is very hard to achieve and a non-coherent one is
used. Indeed, it is very difficult to maintain phase coher-
ence when the system jumps from a frequency bin to an-
other frequency bin. Therefore, the FHSS system normally
requires a SNR6dB greater than a DSSS system (3dB be-
cause BPSK is more energy efficient than BFSK and3dB
from the non-coherent detection employed). Considering
the same noise floor the conclusion is that a FHSS system
would require6dB more transmitted power than a DSSS
system to achieve the same BER. On the other hand, using
FSK modulation gives the possibility to use non-linear am-
plification, which is more power-efficient than linear am-
plification.

A BPSK modulation technique would be constant enve-
lope if no pulse shaping was applied. In the real case, pulse
shaping is needed to avoid ISI due to the limited bandwidth
of the channel. In this case, it happens that the waveform is
not constant envelope anymore and linear amplification is
needed. This limitation translates directly in larger power
consumption due to low efficiency of linear amplifiers like
class A or AB.

B. Interference susceptibility

A way to reduce the amount of interference between dif-
ferent channels is to lower the power spectral density of the
transmitted signal, which is accomplished in both FHSS
and DSSS, but in different ways. Therefore, the capabil-
ities to reject an interferer vary, depending on the choice
between FHSS and DSSS.

A DSSS system spreads the data energy over a larger
bandwidth, decreasing the spectral power density over the
entire bandwidth. At the receiver side, the spread signal
is correlated with a replica of the spreading code synchro-
nized with the transmitted code. Therefore, the desired
signal collapses in the data bandwidth, while all other in-
terfering signals will be spread over the larger bandwidth.
After despreading, the signal is filtered to the data band-
width, and therefore most of the noise will be outside this
narrower band, hence it will be rejected.

This principle is helpful against narrowband interferers,
which will be spread over a much larger bandwidth, but not
against wideband interferers such as the microwave oven.
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As shown in table I, an FHSS system has a stronger resis-
tance against wideband interference compared to DSSS.

TABLE I
PERFORMANCE OFDSSSAND FHSSIN THE PRESENCE OF

A WIDEBAND INTERFERER

BWinterferer /BWtotal BERDSSS BERFHSS
1/8 46.5% 7.7%

fB W i n t e r f e r e rB W t o t a l

1/4 48% 12.5%

fB W i n t e r f e r e rB W t o t a l

1/2 49% 23.0%

fB W i n t e r f e r e rB W t o t a l

The results from this table have been obtained by con-
sidering an interferer with a spectral power density20dB
above the wanted signal. The processing gain of the DSSS
system is not high enough to spread the interferer spec-
tral power to a level considerably lower than the spec-
tral power of the wanted signal. Therefore, the bit-error
rate approaches50%. On the other hand, in a FHSS sys-
tem, even when the interferer is very strong, there are still
enough unjammed channels to assure reliable communi-
cation. When half of the bandwidth is occupied by the
interferer, theBERof the FHSS system approaches25%
because in the other half of the channels, reliable commu-
nication is still possible.

C. Near-far problem

The near-far problem is the major limitation in DSSS
systems and increases the complexity of the transceiver
due to the need for power control circuitry. Without any
power control the performances of a DSSS system in an
environment in which other DSSS systems are present can
be heavily spoiled. However, FHSS systems are affected
as well.

Thanks to the processing gain, it may seem that a DS
system has large advantages over a FH system (that is nar-
rowband in a single frequency slot and therefore it does not
have any processing gain). On the other hand, a FH sys-
tem has the capability to jump between frequency slots.
Therefore, the probability that a near-far problem occurs
in a DSSS system is proportional to the probability that
the two nodes (one very near to the receiver and one very
far away from it) decide to communicate at the same time.

In FHSS systems, there is one more condition to respect:
they must use the same frequency slot at the same time. It
is easy to imagine that this extra condition lowers the prob-
ability that the phenomenon occurs giving an advantage to
the FHSS system with respect to a DSSS system.

As shown in figure 4 for a FHSS system, whenUser1
is 5 times further away from the receiver, theBER is still
below5%.
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Fig. 4. Near-far sensitivity for a FHSS system

At the same relative distance, the DSSS system has al-
ready aBER of about50%, as shown in figure 5.
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Fig. 5. Near-far sensitivity for a DSSS system

The results shown in the previous plots have been ob-
tained using Simulink models, in which the users were in-
terfering continuously with each other and only an additive
white gaussian noise (AWGN) channel has been consid-
ered. In reality, thanks to the low data rates, the probability
that2 or more users will communicate simultaneously, is
in the order of a few percent. Therefore, the average bit
error rate should be scaled down accordingly. For exam-
ple, aBER of 10% will translate to aBER in the order
of 0.1%.

In conclusion, there is a high probability that in a DSSS
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system, Automatic Gain Control (AGC) should be used,
while in a FHSS system, it can be easily avoided, reduc-
ing the complexity of the system and therefore the overall
power consumption.

D. Multipath

In a DSSS system, the capability to suppress multipath
interference is related to the correlation process. The mul-
tipath ray will arrive at the receiver side delayed with re-
spect to the direct path. If the multipath ray is delayed
more than one chip, then the two sequences may be fully
uncorrelated and it will be rejected by the correlation pro-
cess at the receiver side. Otherwise, the two sequences
will be partially correlated and the fading effect will be
present. This effect will be more evident in an indoor en-
vironment, because of the shorter delay between the di-
rect ray and the various multipath rays. To avoid these
problems, a higher chip rate is required (and therefore a
higher processing gain), at the cost of a higher working
frequency of the baseband circuitry. As a consequence, the
power consumption of the baseband blocks will increase
linearly with the increase of the chip rate (it is proportional
to f ·C ·V 2 wheref is the operating frequency of the base-
band digital circuitry,V is the supply voltage andC is the
load capacitance).

For FH, the multipath signals always arrive within the
signal’s coherence interval causing fading. However,
FHSS has an advantage with respect to DSSS. It is an
avoidance system and therefore a multipath environment,
that can be destructive in a certain frequency slot, will not
be the same in another frequency slot. This advantage is
even stronger if the slots are not adjacent in frequency.

The previous comparison clearly shows that it is not
possible to decide between Direct Sequence and Fre-
quency Hopping techniques without referring to a target
application field. This article focuses on indoor ultra-low
power applications. Analyzing the two systems from this
point of view, a FHSS system seems to outperform a DSSS
system, allowing also for a simpler architecture and there-
fore saving power.

E. Hop rate and set

In a FHSS system, there are various parameters to be
chosen. First of all, it is necessary to understand how big
the set of frequencies needs to be and how fast the system
has to hop. These parameters are strictly dependent on the
performances required from the system in terms of data
rate andBER.

Consider for example the902–928MHz and 2400–
2483.5MHz unlicensed ISM (Industrial, scientific and
medical) frequency bands. The minimum number of fre-

quency bins is set by FCC rules to50 in the902–928MHz
band and to75 in the2400–2483.5MHz band, when avoid-
ing intelligent hopping techniques. Increasing the num-
ber of frequency slots will decrease the collision probabil-
ity, improving theBERperformance. However, more fre-
quency bands imply longer codes and therefore, baseband
circuitry complexity and power consumption rises. There-
fore, a number of slots, larger than the minimum required
by FCC has to be used only if strictly necessary.

A fast-hopping system, using a majority bit decision,
gives an inherent advantage in terms ofBER with re-
spect to a slow-hopping system at the expense of a higher
hopping rate. The main drawback of such a technique,
is that the system needs to hop faster, which may result
in higher power dissipation in the synthesizer due to the
lower settling times required. The gap between the two
systems may be filled using techniques like forward error-
correction for slow-hopping systems.

V. CONCLUSION

In this paper, different scenarios have been analyzed
from a power consumption point of view. The choice be-
tween a transmitter-only and a transceiver scenario does
not only depend on the particular application, but also on
whether a more advanced protocol (a protocol that allows
for an acknowledgement signal) can be used to improve
power consumption performances. Furthermore, it has
been demonstrated that an optimum data rate exists for the
minimization of the power consumption. Here, the data
rate is lower bounded by the power dissipated in the trans-
mitter (excluding the radiated power) as well as in the re-
ceiver and upper bounded by the need for equalization at
the receiver side.

The indoor environment forces the use of spread spec-
trum techniques to cope with fading and interferences.
From the comparison between spread spectrum methods, it
has been shown that, for low data rate applications, FHSS
outperforms DSSS, providing a simpler and more robust
architecture which leads to lower power consumption, also
thanks to the possibility to use a low hopping rate, relaxing
the power requirements of the hopping synthesizer.
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