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Abstract—In wireless sensor networks, the need for ultra-low 
power consuming nodes is one of the main motivations for 
research in such field. Because radio sections in sensor nodes 
contribute to a large extent to the overall power consumption, the 
focus of this study is on the RF transceiver. The aim is to reduce 
the average power consumption which depends significantly on 
the circuit architecture design, operating data rate, and duty cycle. 
In a symmetric communicating system, due to the tradeoff 
between transmitting power and receiver sensitivity on one hand, 
as well as between phase noise tolerance and power dissipation in 
local oscillators on the other hand, the design and operating 
parameters of the transceiver need to be determined from the 
perspective of the average power consumption. Therefore, in our 
study, as an initial step in system design, the optimum for 
instantaneous data rate, noise figure, and oscillator power budget 
are analytically determined. The analysis is carried out, taking 
into consideration an existing in-channel wideband interference, 
on two transceiver architectures: RF envelope detection and 
conventional heterodyne. The transceiver in both architectures 
employs on-off-keying modulation and duty cycling. The 
optimums are then calculated numerically based on design 
constants obtained from a frequently-cited RF envelope 
transceiver, indicating that an energy efficiency improvement of 
up to 5 dB can still be achieved. 

Keywords—energy efficiency; envelope detection; heterodyne; 
OOK; optimization; phase noise; RF section; tradeoff; transceiver; 
ultra-low power; wireless sensor network 

I.  INTRODUCTION 

The key considerations that drive the competition in the 
market of wireless sensor networks (WSNs) are cost, size and 
power consumption. In research, the latter is considered to be the 
most important factor as it essentially determines the size of the 
battery that must be used to power the sensor node, and, 
accordingly, the overall size of the node itself [1]. Additionally, 
the power consumption drastically influences the lifetime of the 
sensor nodes, whose batteries cannot be recharged or even 
replaced once they are depleted, as this would not be cost-
efficient for large networks. Moreover, due to the size constraint 
in some specific WSN applications, sensor nodes cannot use 
batteries at all, but solely depend on energy scavenging from the 
surrounding environment (e.g. vibrations, heat and light) [2]. To 
make such applications feasible and to extend the node lifetime 
as much as possible, ultra-low-power (ULP) design is highly 

demanded. Otherwise, many WSN applications could still not 
be widely adopted. 

Common radio standards, such as Wi-Fi, Bluetooth and 
ZigBee, have spawn much research, and they are already widely 
established and deployed in a variety of commercial 
applications. However, they are not preferred for WSN radios 
because they tend to produce power-hungry nodes [3], so the 
battery lifetime might then be up to only several months in a 
best-case scenario. Even though ZigBee technology was aimed 
at low-power radio devices, it still consumes an average power 
in the order of milliwatts, and, therefore, it is not suitable for 
sensor nodes that depend on energy scavenging. Since there is 
no available standard for ULP radios, it has become a hot 
research topic in recent years. Therefore, many systems and 
schemes have been proposed. However, such systems are 
usually designed and then tested under laboratory conditions 
where there is no interference. In practice, there might be 
interference from adjacent channels as well as from other 
systems sharing the same frequency band. In order to overcome 
such interference, an additional power must be consumed by the 
transmitting and/or receiving nodes. Consequently, the design 
and operating parameters might need to be modified to keep the 
node power consumption as low as possible. 

To tackle the challenge of power consumption, there has 
been much research and many innovative ideas in ULP design 
spanning from the network layer (e.g. energy-efficient routing 
protocols [4]), through the media-access control layer [5], and 
down to the physical (PHY) layer. Because radio sections in 
sensor nodes contribute to the overall energy dissipation to a 
large extent [6, 7], research has focused on radio design to 
achieve low-power transceivers by following different 
approaches. One of them is to investigate the power 
consumption of different RF blocks and try to come up with 
energy consumption models (as in [8-10]) subject to a number 
of conditions. Using these models, existing design tradeoffs can 
be combined together to find the optimum values for some 
design and operating parameters from the energy efficiency 
perspective. For example, in [8], a formula for the optimum 
power consumption of the low-noise amplifier (LNA) was 
introduced for a given indoor propagation model, transceiver 
power budget, and fixed bandwidth. For a given link budget, 
there is a tradeoff between transmitter (TX) instantaneous 
radiated power and receiver (RX) sensitivity. Another tradeoff 
exists between instantaneous data rate and duty cycle for a 
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desired average data rate. In [9], both previously-mentioned 
tradeoffs were combined in one analysis to minimize the total 
average power consumption in a duty-cycled transceiver. Li et 
al. in [10] studied the conventional RF architectures for four 
different modulation techniques (on-off keying, phase-shift 
keying, quadrature amplitude modulation, and frequency-shift 
keying). For each modulation, they presented a model for the 
consumed energy per bit, and optimized for different bandwidth 
(narrow, medium, or wide) and data rate (low, middle, or high) 
requirements. For every requirement and intended transmission 
range, they found an optimal modulation scheme with which the 
energy efficiency was maximized. 

The aim of our study is to minimize the total average power 
consumption in the transceiver circuit as a whole, by 
determining three optimum design parameters, namely 
instantaneous data rate, receiver noise figure, and local oscillator 
(LO) power budget. Therefore, the two previously-mentioned 
tradeoffs, that were considered in [9], are applied in one analysis 
for an RF envelope detector-based transceiver. In another 
analysis, we consider an additional tradeoff which exists 
between the phase noise tolerance and LO power budget [11] for 
a conventional heterodyne-based transceiver. Because many 
WSN applications are deployed in the crowded 2.4-GHz ISM 
band, we also consider an in-channel wideband interference in 
both analyses. We then apply the analysis of the two 
architectures on a numerical example to gain more insight on the 
theoretical outcome. Our main contribution is combining the 
three tradeoffs (instantaneous radiated power vs. receiver 
sensitivity, duty cycle vs. instantaneous data rate, and LO power 
budget vs. phase noise) in one analysis, taking into account an 
in-channel wideband interference. 

The remaining of the paper is organized as follows. Section 
II provides the theoretical analysis for the optimization of the 
total average power consumption in the RF envelope detection 
and the conventional heterodyne-based transceivers. A 
numerical example and a discussion are given in Section III for 
the analysis of both architectures. A conclusion is provided in 
the end with a motivation for further research. 

II. THEORETICAL ANALYSIS 

In radio design, there are multiple tradeoffs that need to be 
considered simultaneously in order to cut down on the total 
average power consumption. 1) For a given link budget	 , 
improving the sensitivity  of the RX reduces the required 
instantaneous radiated power  at the TX, and, as a result, 
decreases the power consumption in the TX. However, 
achieving better sensitivity needs more power to be consumed 
in the RX in order to improve its noise figure. Therefore, the 
tradeoff between  and  needs to be considered. 2) To 
decrease the average power consumption in both the TX and the 
RX, a duty-cycling technique is usually employed. For a given 
WSN application, in which the packet length  and the average 
packet rate  are specified (i.e. the average data rate is fixed), 
decreasing the duty cycle reduces the average power 
consumption. Because the instantaneous data rate  is 
inversely proportional to the duty cycle, decreasing the latter 
means higher operating  and thereby requires greater  as 
a consequence. However,  is upper-limited by practical 

factors such as emission regulations and battery capabilities 
[12]. Consequently, the upper limit on  yields an upper limit 
on	 . Aside from this practical upper limit, the required time 

 for the startup phase results in an associated energy 
consumption  which increases with higher operating	 , due 
to power dissipation in baseband circuits. As a result, at the 
beginning of increasing  (by decreasing the duty cycle), the 
total average power consumption begins to reduce, but later, at 
a specific point, it starts to increase [13]. Therefore,  cannot 
be increased arbitrarily and it has to be traded off against duty 
cycle. 3) The phase noise of LOs in RXs causes adjacent-
channel interference and degrades the bit error rate (BER) 
performance as well. To compensate for the degradation and to 
mitigate the interference, either  at the TX is increased or the 
phase noise performance of the LO in the RX is improved. In 
fact, improving the phase noise performance alleviates the 
required	 , but necessitates more power to be dissipated in 
LOs which are considered among the power-hungry blocks in 
RF front ends. 

In our study, the optimization for the total average power 
consumption is carried out on the node level of a symmetric 
communicating system (i.e. peer to peer), in which our analysis 
only takes the PHY layer of the RF transceiver into 
consideration. The aim is to determine the minimum consumed 
energy per transceived bit	 , , along with the corresponding 
optimum operating and design parameters, for the case of duty-
cycled burst communications in which a packet is to be delivered 
from a transmitting node to a receiving node. The consumed 
energy per transceived bit  is defined to be the effective 
energy that is dissipated in the transceiver circuits of both the 
TX and the RX (TRX), for every channel bit to be delivered in 
between.  is thereby defined as	 = / , where  
is the total consumed energy in the TRX (during the startup and 
transceiving phases) per transceived packet. In fact, for a given 
required average bit rate, minimizing  gives the same 
outcome if we do it from the perspective of the total average 
power consumption. Fig. 1 shows the power consumption in the 
TRX over time. Due to duty cycling, the idle mode has a 
negligible power consumption as the node is put into sleep. On 
the other hand, the active mode consists of two power-
consuming phases, namely the startup phase and the 
transceiving phase. Only a single packet is delivered in one way 
per active mode. As opposed to [9], we assume that the power 
consumption in the TRX during the transceiving phase is equal 

 
Fig. 1. The power consumption in the TRX. (  and  are the 

power consumption during the startup phase in the TX and RX, 
respectively.  and  are the power consumption during the 

transceiving phase in the TX and RX, respectively.) 



to that during the startup phase except for the portion  which 
corresponds to the power consumption of the power amplifier 
(PA) in the TX. Therefore,  is expressed as = + −  ,             (1) 

where  is the power consumption in the TRX during the 
transceiving phase. 

The block diagram of the transceiver, which is duty cycled, 
is shown in Fig. 2(a) and 2(b), for the RF envelope detection and 
the heterodyne architectures, respectively. The TX section is 
simplified in both architectures. The adopted modulation 
scheme in both is on-off-keying (OOK), whose BER is more 
immune—when envelope detection is implemented—to phase 
noise compared to other modulation schemes such as phase shift 
keying. The power consumptions in baseband circuits [14, 15], 
LNA [8], and PA are given by = + =  ,                 (2) =  ,                                 (3) =  ,                                   (4) 

where ,  and  (expressed in watt/bps) are the 
consumed energy per transceived bit in the ADC, digital circuits, 
and both, respectively,  is the noise factor of the LNA,  
(expressed in watt) is the required  to achieve = 2, 
and ρ is the PA efficiency. ,	 , and ρ are design 
constants. Equation (2) represents the dynamic power 
consumption in the digital circuits and the ADC, whereas the 
static power consumption (due to leakage current) is neglected. 
The clock frequency of baseband circuits linearly scales with the 
operating data rate, depending on the resolution and the number 
of instructions that are required to process a single transceived 
bit. Equation (3) is valid for LNAs that are implemented in 

MOSFET biased in saturation [8, 16], and whose design 
parameters (e.g. gain and linearity) are assumed to be fixed. 

For a given , the minimum required received signal 
strength  is related to  [17] as in = =  ,                    (5) 

where  and  are the antenna gains for the TX and the 
RX, respectively, and  is the maximum allowable path loss. 
The receiver sensitivity is given by =  ,                      (6) 

where  is Boltzmann’s constant,  is the room temperature, 
 is the total standard noise factor of the RX,  is the 

equivalent noise bandwidth of the RX, and  is the 
minimum signal-to-noise ratio that is required to achieve a 
specific BER value. For the case of the heterodyne architecture 
shown in Fig. 2(b), because  usually dominates	  in Friis’ 
formula [17], the latter can be safely replaced by the former in 
(6).  is determined by the bandwidth of the intermediate filter 

, which itself is associated together with  through the 
spectral efficiency η (i.e.	 = = /η). On the other 
hand, for the case of the RF envelope detection architecture 
shown in Fig. 2(a),  is not straightforward as it cannot be 
simply obtained from Friis’ formula. This is due to the fact that 
the bandwidth of the SAW filter is much smaller than that of the 
LNA. Nevertheless, assuming that the SAW filter (a passive 
device) is at room temperature, we can write =+ ( − 1)  according to the analysis of  
the equivalent input noise temperature, where  and  
are the insertion loss and the bandwidth of the SAW filter, 
respectively, and  is the bandwidth of the LNA. An in-
channel wideband interference is assumed to co-exist alongside 
with the desired signal as depicted in Fig. 3. In our analysis, the 
wideband interference is modelled as a zero-mean white 
Gaussian process with a single-sided power spectral density 
(PSD) of	 . 

The study is split into two analyses. In the first one, we 
consider the architecture of the RF envelope detector-based 
transceiver, whereas in the second analysis, we consider the 
heterodyne architecture. In both analyses, we make the 
following assumptions. 1) The transmitting and receiving nodes 
are perfectly synchronized. 2) The necessary synchronization 
bits are already included in the packet format and their number 
is independent of . 3) The power consumption during idle 
(sleep) mode is neglected compared to that during the active 
(wakeup) mode. 4) Although  is mainly dominated by the 

(a)        (b) 
 

Fig. 2. The block diagram of the (a) RF envelope detector and (b) heterodyne based transceivers. 

 
Fig. 3. Power spectrum of the operating frequency band. 



LO, here we assume that it is constant and not dependent on the 
amount of power  dissipated in the LO. 5) The RX’ spurious-
free dynamic range (SFDR) is large enough to avoid 
intermodulation distortion. 6) The WSN application is given in 
which	 ,	 , and  are already specified. In other words, the 
required average bit rate and the transmission range are fixed. 

A. RF Envelope Detector-Based Transceiver 

In this analysis, we consider the architecture of the RF 
envelope detection [13] for the sake of minimizing the total 
average power consumption of the TRX. Consequently, two 
tradeoffs apply to this analysis. The first one is between  at 
the TX and  of the RX. The second tradeoff is between  
and duty cycle. 

The power consumption in the TRX during the transceiving 
phase can be expressed as = + + +  ,                   (7) 

where  is the aggregate power consumption of the transceiver 
blocks (LO, mixer, filters, envelope detector, and baseband 
amplifier) that are independent of both  and	 . Because the 
thermal noise and the wideband interference are two 
independent processes, the minimum required received signal 
strength [17] can be written considering (6) as follows = ( + ( − 1) )  +  ,                                                    (8) 

where  is the bandwidth of the SAW filter (see Fig. 2a), 
and  (a design constant) is the minimum signal-to-
interference-plus-noise ratio that is required to achieve a specific 
BER value. Because the Q factor of SAW filters can be up to 
several thousands,  is usually made smaller than  to 
improve selectivity ( = /η). By substituting (8) in (5), 
we obtain = ( − 1)  + ( + )  .                                           (9) 

Again by substituting (2)-(4) and (9) in (7) we obtain = + +   

             + ( − 1) + ( + )  .                                         (10) 

Finally, to obtain the formula for the consumed energy per 
transceived bit, we substitute (10) in (1): = + ( ) + + ( ) +   

           + + ( − 1)  + ( + )  .                                               (11) 

In order to minimize	 , (11) reveals that the two tradeoffs 
(between  and	 , and between  and duty cycle) can 
actually be reduced to one tradeoff (between  and	 ). This 

tradeoff has an optimum point ( , , , ) at which the 
total average power consumption is minimum. By finding the 
zeros of the partial derivatives of (11) with respect to  
and	 , we obtain 

, = + , + , − 1  ,     (12) 

, − 1 = 1 + ,  ,                          (13) 

where = . It is not feasible to 
analytically solve (12) and (13). Nevertheless, we can still 
clearly indicate that the value of the optimum ( , , , ) 
is not affected by whether the system is noise-limited or 
interference-limited. This is because the optimum is not 
dependent on  (i.e. how much strong/weak the PSD of the 
assumed in-channel wideband interference is). In case that the 
system is interference-limited, it is already known that poor 
values for  can still be tolerated in order to reduce	 . 
However, care should be taken not to surpass	 , , which is 
not affected by the value of  and can still be determined from 
(13). Otherwise, the energy efficiency will start to degrade. To 
gain more insight from (11)-(13), a numerical example is given 
in Section III considering the two situations, noise-limited and 
interference-limited systems. 

B. RF Envelope Detector-Based Transceiver 

One of the drawbacks of the previous architecture is that it 
does not support a multi-channel operation. A conventional 
transceiver architecture [18] that supports the multi-channel 
operation is shown in Fig. 2(b). The RX section is based on a 
conventional heterodyne architecture with an image-rejection 
filter and a free-running LO. The LO is digitally controlled 
(DCO) and periodically calibrated as in [19], assuming in this 
analysis that—after calibration—the resulted frequency drift can 
be neglected. In other words, the resulted IF signal lies in the 
middle of the IF filter (i.e.	 = /η). However, the analysis 
needs to take the power budget of the LO into consideration for 
two reasons. The first one is that LOs always exhibit some level 
of phase noise, and periodic calibrations of free-running DCOs 
do not even improve their phase noise performance [18]. The 
second reason is that the radio spectrum (operating frequency 
band) is always shared with other interfering nodes as well as 
with different communicating systems. Combining phase noise 
impairments with strong adjacent undesired signals leads to the 
reciprocal mixing phenomenon (see Fig. 4), which results in 
interference coupled into the desired signal. In many WSN 
applications, the available frequency band is usually divided into 
a specific number of operating channels with a minimum 
channel spacing in between in order to avoid adjacent-channel 

 
Fig. 4. Reciprocal mixing phenomenon. 



interference caused by the aforementioned phenomenon.  
Therefore, the previous analysis is partially repeated here but 
with an additional tradeoff to be taken into consideration. This 
additional tradeoff is between the power dissipation in the LO 
and the phase noise tolerance which, in the case of ring 
oscillators [20], is expressed as ℒ( ) ≈ .

 ,                       (14) 

where ℒ is the phase noise (expressed in logarithmic scale in 
dBc/Hz) at an offset frequency  from the nominal oscillation 
frequency	 . For a given WSN application,  and the 
channel spacing (i.e.	 ) are already specified. Because we are 
concerned about the phase noise level at an adjacent channel that 
belongs to the same communicating system, we rewrite (14) as 
follows: ℒ = ℒ =  ,                        (15) 

where  corresponds to the channel spacing, and =7.33 /  is a design constant (expressed in watt 
/Hz). 

Similar to (7), the power consumption in the TRX during the 
transceiving phase is expressed by = + + + + 2  ,          (16) 

where  now represents the aggregate power consumption of 
the transceiver blocks (mixers, filters, envelope detector, and 
baseband amplifier) that are independent of	 , , and . 
The factor 2 in front of  is because the LO is turned on in the 
TX as well as in the RX during the transceiving phase. The two 
existing adjacent channels (as depicted in Fig. 3) are mutually 
independent as well as independent from the thermal noise and 
the assumed in-channel wideband interference. For simplicity, 
we assume that the adjacent-channel interference is modelled as 
a zero-mean Gaussian process, so that  can still be 
obtained from the same BER formula for the case of non-
coherent OOK demodulation [21]. Because envelope detection 
removes the phase and frequency content from the demodulated 
signal, we assume that the BER performance is not affected for 
received signals that are corrupted by phase noise. The minimum 
required received signal strength in (8) can then be rewritten for 
the case of the heterodyne architecture considering (6) as = + + 2ℒ   = + + 2ℒ  ,         (17) 

where  is the minimum allowable link loss between 
neighboring nodes (taking into consideration the antenna gains 
of the TX and RX), which depends on how dense the WSN is. 
The factor 2 in the third term inside the parentheses of (17) is 
due to the assumption of two existing adjacent channels. 
Equation (17) considers the worst-case scenario by assuming 
that the two existing adjacent channels are from two neighboring 
nodes geographically located in the closest possible position, 
resulting in	 . Moreover, these two nodes, which belong to 
the same communicating system, transmit at a power level equal 

to	 . Accordingly, (9)-(11) must be rewritten considering 
(15)-(17) as follows: = ( + ) −  ,         (18) = + + + 2   + ( + ) −  ,   (19) = + ( ) +   

           + ( ) + ( ) +  + ( + ) −  .        (20) 

From (20), 	minimization for the heterodyne architecture 
shows that combing all the three tradeoffs (  vs. , duty 
cycle vs. , and ℒ vs. ) yields an optimum point 
( , , , , , ) at which the total average power 
consumption is minimum. As in the previous analysis, finding 
this optimum analytically is not feasible. Due to space 
limitations, we have not included the partial derivatives of (20) 
with respect to	 , , and . From the partial derivatives, 
we indicate, as opposed to the previous case, that the PSD level 
of the in-channel wideband interference does influence the 
optimum values for the all three design parameters , , and 

. This outcome is true because the two neighboring 
interferers, which belong to the same communicating system, 
transmit at a power level equal to  as we assumed earlier in 
this analysis. For more insight, a numerical example is given in 
the next section in which the optimum point is determined 
numerically for a specific WSN application. 

III. NUMERICAL EXAMPLE AND DISSCUSSION 

The two analyses in the previous section have resulted in a 
set of equations (11)-(13), and (20), that give a general insight 
on the optimization process. However, they are not completely 
intuitive without considering practical scenarios and 
applications. Therefore, to numerically determine the optimum 
design and operating parameters (instantaneous data rate, LNA 
noise figure , LO power budget, required radiated power, and 
RX sensitivity) for both transceiver architectures, values of 
several corresponding design constants are retrieved from [13] 
(a frequently-cited publication) and replaced in the equations, 
keeping in mind all the assumptions and conditions that have 
been stated throughout the analysis. 

A. RF Envelope Detector-Based Transceiver 

In the case of an RF envelope detector-based transceiver (RF 
ED), a numerical example, based on Table I, is first carried out 
for the situation of noise-limited systems (NLS). Afterwards, it 
is repeated again for the situation of interference-limited systems 
(ILS) in which the PSD of the wideband interference is assumed 
30 dB greater than the thermal noise (-174 dBm/Hz). Fig. 5 
shows the optimization of  and  to obtain ,  for the 
situation of ILS. Due to space limitation, the situation of NLS is 
not depicted as the coordinates (  and ) of the optimum 



point are not affected by the value of , as mentioned earlier in 
Section II-A. Nevertheless, the energy efficiency of both 
situations is given in Table II. 

A 6-MHz band is available at the 916-MHz operating 
frequency. Assuming	η = 1,  is then upper limited by 5 
Mbps, leaving 0.5 MHz for guard bands. Moreover, a SAW filter 
with a Q factor of 1000 [22] can have a 3-dB bandwidth as small 
as 900 kHz, lower limiting  (from the energy efficiency 
perspective) by 900 kbps. In fact, fixing the SAW filter 
bandwidth at 900 kHz and decreasing  beyond this lower limit 
do not decrease  in any case. The practical limits on  result 
in a practical optimum point instead of the theoretical one as 
depicted in Fig. 5. Additionally, as opposed to our paper,  
was reported in [13] based on a different definition which did 
not consider the impact of the startup time on the energy 
efficiency   in   case   the   duty-cycling   technique   is   employed. 

TABLE I.  DESIGN CONSTANTS FOR RF ED AND HETERODYNE 
ARCHITECTURES. 

Design 
Constant Architecture Value and Unit Ref 

 
RF ED 0.92 mW [13]

Heterodyne 0.22 mW [13, 23]
 Both 3.6 mW [13]

 Both 50 bits [13]η Both 1 Assumedρ Both 5% [13]
 RF ED 90 MHz [13]
 RF ED 3.5 dB [13]

 Both 60 µsec [13]
 Both 16 dB [13]

 
RF ED 916 MHz [13]

Heterodyne 2.4 GHz Assumed

 
RF ED 60 dB 

Assumed 
Heterodyne 55 dB 

 Both 3x10-11 watt/bps [13]

 
RF ED -144 dBm/Hz 

Assumed 
Heterodyne -123 dBm/Hz 

 Heterodyne 5 MHz Assumed 
 Heterodyne 6.8x10-15 watt/Hz Assumed
 Heterodyne 50 dB Assumed

TABLE II.  NUMERICAL RESULTS FOR RF ED ARCHITECTURE. 

 ,  
(Mbps)

	
(dB) 

,  
(dBm) 

,
(dBm)

,
(nJ) 

Theoretical 
NLS

14.7 10.5 
-4.8 

-64.8 
2.6

ILS 4.3 5.8

Practical 
NLS

5.0 8.6 
-6.9 

-66.9 
3.1

ILS 0 6.3
[13] 

Equivalent 
NLS

1.0 10.5 
-4.8 

-64.8 
9.4

ILS -3.1 12.6

Therefore, we have used the reported power-breakdown results 
from [13] with our  definition to obtain the equivalent point 
which is plotted in Fig. 5, and reported in Table II as well. 
Comparing the two practical optimum points with the 
corresponding equivalent ones for both situations, an 
approximate energy efficiency improvement of 3 to 5 dB can 
still be achieved. 

From Fig. 5, we can indicate that operating on a higher 
instantaneous data rate (as long as it is practically feasible) is not 
only more energy-efficient (up to a point), but also it is safer 
(from the perspective of the resulted energy efficiency) in case 
of a deviation in the circuit design. This is because the gradient 
of  with respect to  is more gradual on higher 
instantaneous data rates. 

For power consumption in the baseband circuits, we have 
only considered that of the ADC. For a better energy efficiency 
performance, the power consumption in the digital circuits (e.g. 
microprocessor) must be taken into consideration because it 
does affect the optimum point. In fact, the more power-hungry 
the microprocessor is, the lower the instantaneous data rate and 
the better the noise figure should be implemented. 

B. Conventional Heterodyne-Based Transceiver 

In the case of a conventional heterodyne architecture, we 
repeat the numerical example from Table I for the two situations, 
NLS and ILS. In both, the operating RF is assumed to belong to 
the 2.4-GHz ISM band. Therefore, the value of	 , in the case of 
ILS, is chosen to represent the PSD of a 100-mW IEEE 802.11g 
signal attenuated by a typical propagation loss of 70 dB at the 
receiving node, resulting in  = -53 dBm/Hz - 70 dB = -123 
dBm/Hz. In the analysis of the heterodyne architecture,  is 
excluded from , resulting in = 0.12	mW [13]. However, the 
power consumption of two mixers (0.1 mW [23]) need to be 
included, making = 0.22	mW. A minimum distance of 3 
meters, which corresponds to a 50-dB free-space path loss, is 
assumed to separate the sensor nodes. 

Due to a channel spacing of 5 MHz,  is then upper limited 
by 5 Mbps. Table III summarizes the optimum design and 
operating parameters for the two situations. As opposed to the 
previous architecture, the optimum does vary with the level of 
the existing wideband interference. However, when the system 
is ILS, the energy efficiency becomes less sensitive to any 
deviation on	 , , or . For example, a ±10% deviation on 
all these three parameters barely increases  by 0.8%. This is 
because  in interference-limited systems is dominated by the 
required radiated power which itself is determined by the 
requirement of beating strong wideband interference, hence, 
resulting in a big difference in ,  values between NLS and 
ILS, which is clearly indicated in Table III. 

 
Fig. 5. Consumed energy per transceived bit as a function of 

instantaneous data rate and LNA noise figure for the RF ED architecture 
in the ILS situation. 



TABLE III.  NUMERICAL RESULTS FOR HETERODYNE ARCHITECTURE. 

 , 	
(Mbps) 

	
(dB) 

,  
(mW) 

,  
(dBm) 

,  
(dBm) 

,
(nJ) 

NLS 2.37 18.1 0.013 -19.6 -76.2 0.7
ILS 0.64 20.0 0.16 6.1 -79.9 128.5

Similar to the previous case, the power consumption of the 
digital circuits (e.g. microprocessor) need to be considered along 
with the ADC as it influences the coordinates of the optimum 
point. Moreover, the processing load of calibrating the DCO is 
moved from the RF transceiver to the microprocessor causing 
more power consumption in the digital circuits section. 

IV. CONCLUSION 

Two theoretical analyses for determining the minimum total 
average power consumption in a symmetric system have been 
presented. The analyses have been carried out on the RF 
envelope detection and the conventional heterodyne 
architectures, resulting in two models, in which the optimum 
parameters for the instantaneous data rate, the receiver noise 
figure, and the local oscillator power budget have been 
analytically determined. Numerical examples on both models 
have been applied considering two situations, noise-limited and 
interference-limited systems. It has been shown that operating 
the first architecture on higher instantaneous data rates, as long 
as it is practically feasible, is safer from the energy efficiency 
perspective. In the second architecture, the optimum parameters 
vary with the level of an existing wideband interference, as 
opposed to the first architecture. However, the energy efficiency 
becomes less sensitive to the deviation of the parameters in case 
of interference-limited systems. For further research, the 
linearity of the receiver (SFDR) and the frequency uncertainty 
of the LO need to be considered to produce more accurate 
models. The obtained numerical results are then to be confirmed 
through experimental prototyping. 
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