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Editor’s Comments

W. Ross Stone
Stoneware Limited
840 Armada Terrace
San Diego, CA 92106, USA
Tel: +1-619 222 1915, Fax: +1-619 222 1606
E-mail: r.stone@ieee.org

Most of the more than one million cardiac pacemakers 
implanted each year have up to three leads that reach 

into the heart’s chambers. The most modern pacemakers 
integrate all of the pacemaker functions into a small capsule 
that be directly implanted into the endocardium, resulting in 
what is known as a leadless cardiac pacemaker. However, 
these can typically only be used to stimulate a single chamber. 
By using intra-body communication, the operation of more 
than one leadless cardiac pacemaker can be synchronized, 
resulting in the ability to use this approach with multiple 
chambers of the heart. The paper by Mirko Maldari, 
Chadi Jabbour, Youcef Haddab, and Patricia Desgreys 
describes a system for such intra-body communication for 
pacemakers. The design and development of the system is 
described, as well as the optimization of the power usage 
of the system based on the signal waveform involved. The 
results demonstrated the telemetry-based synchronization 
of a dual-chamber leadless cardiac pacemaker system with 
minimum power consumption. This paper was based on 
one of the fi nalists for the 2021 URSI-France PhD Prize 
in Radio Science.

Our Other Contributions

Tayfun Akgul’s Et Cetera column provides an 
interesting commentary on elements of our day-to-day life. 
I think you’ll enjoy it.

Özgür Ergül’s Solution Box column brings a 
contribution by Gökhan Karaova, Özgür Eriş, and Özgür 
Ergül. The topic involves scattering of a plane wave by 
two types of objects. The fi rst was an array of cubes, while 
the second was an object shaped like a golf ball. The size 

range of discretizations in terms of a wavelength varied 
substantially. Solutions were found using the electric-fi eld 
integral equation, the magnetic-fi eld integral equation, the 
combined-fi eld integral equation, the combined potential-
fi eld formulation, and a potential formulation based on 
potential integral equations. The results were compared for 
the various solution methods, yielding substantial insight 
into the behavior of the various methods.

Jim Lin’s Telecommunications Health and Safety 
column examines the microwave auditory eff ect and the 
Havana Syndrome that has been reported by a number of 
US government employees. He looks at the likelihood that 
microwave energy is the cause of this syndrome.

AT-AP-RASC

Because of the shortened “triennium” between the 
GASS 2021 in Rome and the GASS 2023 in Sapporo, 
the decision was made to combine the two URSI fl agship 
meetings, AT-RASC (Atlantic Radio Science Meeting) and 
AP-RASC (Asia-Pacifi c Radio Science Meeting) into a 
combined AT-AP-RASC, to be held in Gran Canaria May 
29 - June 3, 2022. The call for papers for this meeting is in 
this issue. It will be a hybrid meeting. The paper-submission 
deadline is January 15, 2022. I urge you to submit a paper 
and plan on attending.
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Ultra-Low Power System for
Atrioventricular Synchronization Using 

Leadless Pacemakers
Mirko Maldari1, Chadi Jabbour1, Youcef Haddab2, and 

Patricia Desgreys1

1LTCI, Télécom Paris
Institut Polytechnique de Paris

19 place Marguerite Perey, 91120 Palaiseau France
E-mail: mirko.maldari@gmail.com

2Microport CRM
4 Avenue Réaumur, 92140 Clamart, France

Abstract

Leadless cardiac pacemakers (LCP) are the cutting-
edge technology of cardiac rhythm management (CRM), 
reducing complication risks and treatment invasivity. 
Current leadless cardiac pacemakers can only pace a single 
location of the heart, limiting their use to a small fraction 
of the bradycardia patient population. A dual-chamber 
system of synchronized leadless cardiac pacemakers is 
required to cover the major part of bradycardia patients. 
The power consumption relating the synchronization 
of pacemaker nodes is one of the major technological 
challenges preventing the rise of dual-chamber leadless 
cardiac pacemaker systems. Intra-body communication 
(IBC) is considered a suitable technology for leadless cardiac 
pacemaker applications, in terms of both power and size 
optimization. In this work, we suggest a power-optimized 
method for atrioventricular synchronization (AVS). First, 
we estimated the channel loss for intra-cardiac intra-body 
communication signals using quasi-static simulations. This 
was an essential study to defi ne the specifi cation limits of 
intra-body communication transceivers for atrioventricular 
synchronization. We then designed a superregenerative 
receiver (SRR) in 0.18 μm CMOS technology. The power 
consumption of the superregenerative receiver circuit was 
further optimized using a communication strategy for the 
atrioventricular synchronization application, achieving 
levels of power consumption as low as 340 nW. This study 
showed the feasibility of a telemetry-based synchronization 
of dual-chamber leadless cardiac pacemaker systems while 
minimizing the impact on the device’s longevity. 

1. Introduct ion

More than one million pacemakers are implanted 
every year worldwide to treat patients suff ering 

from abnormally low heart rhythms, known as bradycardia. 
Conventional pacemakers consist of a subcutaneously 
implanted can integrating all the electronic components, and 
up to three leads to intravenously reach the heart’s chambers 
(Figure 1). Nowadays, the battery density allows integrating 
all pacemaker functionalities into small capsules that can 
be directly fi xed at the patient’s endocardium. This kind of 
device is known as a leadless cardiac pacemaker (LCP). It 
was considered as a potentially groundbreaking innovation 
in the cardiac rhythm management (CRM) business. 

One of the major benefi ts of the leadless cardiac 
pacemaker is the absence of a subcutaneous pocket and a 
reduction in foreign material, lowering the incidence  of 
infection [1]. However, as standalone devices, leadless 
pacemakers can only be used for single-chamber therapies, 
limiting the eligible patient population. Future developments 
will likely allow the implantation of two or more leadless 
cardiac pacemakers to pace in a coordinated manner in 
diff erent locations of the heart. In [2], Bereuter et al. 
proved the feasibility of multi-node leadless pacing using a 
conductive approach, intra-body communication (IBC), to 
synchronize the therapy among leadless cardiac pacemaker 
nodes. Intra-body communication is an ultra-low-power 
method of communication since no radiation is involved. 
It is well suited for leadless cardiac pacemaker application 
since no additional components are strictly required, such as 
antennae or inductive coils that are necessary for standard 
radiofrequency techniques. The intra-body communication 
signals are induced and sensed using electrodes. Indeed, 
an emitting pair of electrodes induces an electric fi eld that 
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propagates through the body’s tissues reaching another 
electrode pair at the receiver side. Bereuter’s work involved 
preliminary studies, leaving unaddressed several key 
aspects related to the system feasibility, such as the power 
consumption of the telemetry module.

In this work, we suggest a power-optimized design of a 
communication system for a leadless dual-chamber system. 
In Section 2, we present the simulation model we used to 
estimate the path loss of intra-body communication signals 
for the intra-cardiac channel. The path-loss estimation was 
essential to complete the specifi cation limits for the intra-
body communication transceiver, which are pointed out in 

Section 3. In Section 4, we introduce the superregenerative 
receiver (SRR), which is considered a suitable architecture 
to respect the transceiver constraints. The design of the 
superregenerative receiver, tailored for the leadless cardiac 
pacemaker synchronization, is then discussed in Section 5. 
We point out the main simulation results in Section 6. The 
management of the receiver’s active time is discussed in 
Section 7, where a communication strategy is proposed to 
drastically reduce the duty cycle of the receiver, theoretically 
ensuring 100% of atrioventricular synchronization. In 
Section 8 we discuss the results, while in Section 9 we 
point out the conclusions arising from this study.

2. Channel Path-Loss 
 Characterization

In this section, we report the preliminary study 
about the path-loss characterization for leadless cardiac 
pacemaker synchronization. In particular, this work points 
out the results of the intra-cardiac channel, which represents 
the communication link between two leadless cardiac 
pacemakers implanted in the right ventricle (RV) and the 
right atrium (RA). 

2.1 Methods

We desig ned a torso model to estimate the path loss 
of intra-body communication signals involved in leadless 
cardiac pacemaker applications. The model was based on 
a validated human model retrieved by the CT scan imaging 
of a 34-year-old man, the Duke from IT IS Foundation 
Zurich, with a resolution of 0.5 mm and including all the 
internal organs. The geometrical model was imported in 
COMSOL Multiphysics 5.3, where it was enhanced to 
accurately resemble physiological characteristics such as 

Figure 1. A representation of the conventional dual-chamber pacemaker 
(left) and the dual-chamber leadless pacemaker system (right)

Figure 2. A torso CAD model imported 
into the COMSOL environment.
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the size and volume of the chambers [3, 4]. The overall 
geometrical model is shown in Figure 2, whereas a cross-
sectional image of a plane parallel to the base of the model 
is depicted in Figure 3. To estimate the attenuation levels 
of the intra-cardiac channel, two identical capsules, such 
as the one shown in Figure 4, were directly designed in 
COMSOL. They had a volume of 1 3cm , which is similar 
to the volume of leadless cardiac pacemaker capsules that 
are currently on the market [5]. The total length of the 
capsule was 33 mm, whereas the diameter of the can was 
equal to 6.4 mm. To minimize the attenuation across the 
propagation channel, it is common procedure in intra-body 
communication technology to maximize the distance 
between the electrodes and, consequently, the inter-electrode 
impedance [6]. To do so, we used the distal and the proximal 
electrodes that are pointed out in Figure 4. The capsules 
were placed respectively in the right ventricle and in the 
right atrium in positions commonly used for pacemaker 
leads. The right-ventricle capsule was fi xed at the apex of 
the heart, whereas the right-atrium capsule was fi xed at the 
anterior region of the lateral wall, known in the medical 
community as the free wall. Two diff erent orientations were 
simulated to take into account the minimum and the 
maximum angle of the mutual orientation of the capsules. 
Both orientation scenarios had a channel distance of 9 cm, 
calculated as the distance between the median points of 
each capsule.

The torso was surrounded by a sphere of air with a 
radius equal to 0.6 m, the outer surface of which was set 
as an infi nite boundary to avoid unwanted refl ections of 
the electric fi eld altering simulation results. The conductivity, 
 , and relative permittivity, r , of the biological tissues 
are frequency dependent [7], and were set using parametric 
functions with values acquired from Gabriel’s studies [8]. 

Simulations were performed using the Electric Currents 
interface of the AC/DC module that solves a current 
continuity equation problem using the Finite-Element 
Method (FEM) under quasi-static assumptions [9]. Two 
voltage boundary conditions were set on the emitting 
electrodes with equal absolute values and opposite polarity, 

= 1.5TXiV  V, whereas two surface boundary probes were 
defi ned at the receiving electrodes. The channel attenuation 
was calculated using Equation (1): 

 1 2
dB

1 2

| |
= 20 log

| |
RX RX

TX TX

V V
A

V V


 


. (1)

The whole model geometry was meshed with a custom 
tetrahedral meshing the minimum element size of which 
was set to 50 μm in order to adapt mesh sizes to the local 
complexity of the model. The outer layer of the air sphere was 
meshed using the swept meshing technique to accurately and 
effi  ciently mesh infi nite boundary domains. The frequency 
range of interest was set between 40 kHz and 20 MHz. The 
lower bound of the frequency range was selected to ensure a 
margin with respect to electrophysiological signals, whereas 
the upper bound was set at the limit of the model according 
to quasi-static assumptions. In particular, the relative error 
of the electric-fi eld amplitude due to the magnetic-fi eld 
contribution can be estimated using [10]

  2 2=error
tx

E
r

E
  ,  (2)

where   is the angular frequency, txr  is the dipole length 
of the emitter in meters, and   and   are respectively 
the magnetic permeability and the electric permittivity of 
the medium. Knowing that tissue air   and blood  (20 
MHz) = 154.56, we found a relative error of almost 3% , 
which could be considered an acceptable limit.

2.2 Results

The mutual orientation between emitt er and receiver 
is very eff ective in galvanic intra-body communication. 
However, the right atrium capsule must be placed to optimize 
the response to therapy stimulation rather than improving the 

Figure 3. A cross-sectional cut of the torso CAD 
model passing through the ventricles. It is pos-
sible to distinguish the tissues considered for the 
simulation. From the outer to the inner: The con-
nective tissue, the muscles, the sternum, the costal 
cartilage, the infl ated lungs, the liver, and fi nally, 
the heart with its ventricles.

Figure 4. The leadless cardiac pacemaker prototype 
used for intra-body communication channel studies. 
The distal and proximal electrodes were spaced  33 mm 
apart. The can of the prototype had a diameter of 6.4 mm.
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communication link among devices. It is hence important 
to characterize both best- and worst-case positioning of the 
right atrium capsule. In the best-case scenario, the electric-
fi eld lines are aligned with the receiver capsule, as seen in 
Figure 5a, which yields a higher diff erential voltage across 
the receiving dipole. For the same reason, the worst-case 
scenario would arise when capsules are orthogonal to 
each other, Figure 5b. The intra-cardiac simulation results 
are shown in Figure 6, where the diff erence between the 
worst and best case was  11 dB. In both scenarios, the 
attenuation decreased by  5 dB from 40 kHz to 20 MHz.

 
An exhaustive study of all the channels involved 

in leadless cardiac pacemaker applications was reported 
in [24], including the validation of the simulation model 
through in-vitro and in-vivo measurements. The attenuation 
levels of the intra-cardiac channel do not preclude any 
frequencies being used for leadless cardiac pacemaker 
synchronization. The carrier frequency can thus be selected 
according to design constraints that will be dealt with in 
the following sections.

3. Transceiver Specifi cations

In this section, we point  out the maximum 
specifi cations of the intra-body communication transceivers 
for the synchronization of leadless pacemakers. 

3.1 Average Current Consumption

Leadless cardiac pacemake rs are limited in size, 
reducing the battery capacity, which ranges from 120 mAh 
to 248 mAh, and they generally have a nominal voltage 

equal to 3.3 V [5]. Nevertheless, leadless cardiac pacemaker 
lifetime must be ensured for several years to minimize 
the number of surgical operations required to replace 
the exhausted device with a new one. Let us evaluate the 
average current budget leading to a device longevity of 
10 years. To do so, it is possible to calculate the average 
current consumption range of the whole device as 

  = [1.37 2.83]
10 average

battery capacityI
years

  μA. (3)

To minimize the impact of the communication module 
on the device’s longevity, we can set the average current 
consumption of the transceiver, COMI , one order of 
magnitude lower than averageI , leading to values as low 
as hundreds of nA referenced to the nominal voltage of 
the battery, 3.3 V.

3.2 Latency

As a gold standard, physicians measure heart-
chamber s ynchrony through Doppler echocardiography, 
and tune the pacing delay of the ventricles with respect 
to the atrial activity. In the optimal delay condition, the 
cardiac output – which is the volume of the blood ejected 
from the heart – is maximized. This optimal condition is 
referred to as atrioventricular synchrony. Manufacturers 
of echocardiography systems provide time resolution of 
the order of 10 ms [25]. From a clinical-validation point 
of view, atrioventricular synchronization (AVS) can thus 
have at most the same time resolution of echocardiography 
measurements. Consequently, the latency – defi ned as the 
delay between the detection of the atrial activity in the right 
atrium and the demodulation of the synchronization message 
in the right ventricle capsule – must not exceed 10 ms.

Figure 5b. The position of the right-atrium capsule 
for the worst case. The description from Figure 5a 
applies.

Figure 5a. The position of the right-atrium capsule 
for the best case. The electric-fi eld lines are repre-
sented in red, whereas iso-potential surfaces are 
represented in green. Five iso-potential surfaces 
were plotted, where each subsequent iso-surface 
diff ered by 2 mV from the previous one.
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3.3 Maximum Emitting Voltage 
and Sensitivity

Leadless cardiac pacem akers must respect emission 
limits to ensure safety for patients. The International 
Commission on Non-Ionizing Radiation Protection 
(ICNIRP) provides safety guidelines for radiation exposure 
over a broad frequency spectrum. For what concerns the 
high-frequency spectrum (HF), the physical quantities used 
to measure radiation exposure are the Specifi c Absorption 
Rate (SAR) and the current density. A numerical evaluation 
was conducted in [13], where the result suggested that it is 
not diffi  cult to satisfy the SAR guidelines for Intra-Body 
Communication. Indeed, the authors obtained SAR levels 
60 dB lower than the safety limit when they applied 1 V at 
the emitter side. Concerning the current-density restriction, 
the limit of its root-mean-square value is dependent on 
frequency. Specifi cally, the current-density limit was chosen 
to neglect the infl uence of transmitted signals to neuronal 
activity [14], and it was equal to 

 =
100

fJ 2mA m 
  ,  (4)

where f is the frequency in Hz. It is not straightforward to 
comply with the current-density constraint since leadless 
cardiac pacemaker electrodes can be small in size, reaching 
considerable current-density levels. Considering an 
electrode having a contact surface 24 mmS  , and an 
inter-electrode impedance eR =1 k , we found that the 
current density was equal to 

 
250

= =
1

RMS RMS

e

V V
J

SR 
.  (5)

Substituting this value into Equation (4), we found that the 
maximum voltage at the emitting capsule must be lower than 

 =  [V].
25000RMS

fV   (6)

Knowing that the intra-body communication channel 
attenuation for dual-chamber leadless cardiac pacemaker 
systems can reach 70 dB (Figure 6), we could set the 
sensitivity of the receiver to be

   
70

8.520
, min = 10 = 4 10

25000in RMS
fv f

   . (7)

It was therefore convenient to maximize the carrier 
frequency of the signals to relax the sensitivity constraint.

3.4 Modulation

Since the main goal was to optimize transceiver 
power consumption,  the modulation complexity had to 
be maintained as low as possible to relax transceiver 
performance requirements. On-off  keying (OOK) and 
frequency-shift keying (FSK) are viable modulation 
schemes for ultra-low-power applications. In general, 
frequency-shift keying modulation requires more power 

Figure 6. The attenuation levels of the intra-cardiac channel (RVRA) 
for the best-case (green line) and worst-case (red line) positioning of 
the right-atrium capsule
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at the receiver side compared to on-off -keying-modulated 
signals, due to the necessity for an internal frequency 
reference to demodulate incoming signals [15]. Frequency-
shift-keying receivers usually experience higher bit rates 
compared to on-off -keying receivers. However, the leadless 
cardiac pacemaker synchronization does not require high-
data-rate communications. Considering that the latency 
constraint is respected, the cardiac-event message reduces 
to binary information, allowing the communication module 
to work with a single-bit demodulation. We thus suggested 
the on-off -keying modulation rather than the frequency-
shift keying to reduce the complexity of the communication 
system.

3.5 Bit Error Rate (BER)

For atrioventricular synchronization applications, the 
i nformation that we need to share among diff erent leadless 
cardiac pacemakers is related to the electrical activation 
of the heart. We thus could design the receiver to neglect 
the probability of the communication loss compared to the 
error probability of ECG sensors. The sensors could miss 
atrial events for several reasons: pacemaker programming 
problems (improper sensing threshold), insufficient 
myocardial voltage signal, pacer failure (fi brosis), or an 
electrolyte abnormality [16, 17]. The most trivial sensing 
concerns atrial activations. Loss of atrial sensing is 2%-
11% among patients of clinical studies reported in the 
literature [18]. The error probability of the communication 
must thus be at least ten times lower than the probability 
of missing atrial detection, leading to a BER of 310  for 
single-bit synchronization signals. The error probability of 
on-off -keying signals is well approximated by the function 

  = 2eP Q SNR ,  (8)

where Q is the Q function, the distribution of which  
depends on the signal-noise ratio, SNR [19]. According 
to Equation (8), the SNR must be greater than or equal to 
10 dB to achieve a BER of 310 . Recalling that the input 
signal amplitude can be as low as –84 dBV and considering 
a margin of at least 10 dB for the receiver noise fi gure 
(NF), the maximum input noise amplitude must be lower 
than –104 dBV. 
 

The intra-body communication channel can be 
considered as an additive white Gaussian noise channel 
(AWGN). Under this assumption, we could model the 
thermal noise of the inter-electrode resistance as a voltage 
source, the spectral density of which is 

 0 = 4 BN K T R BW ,  (9)

where BK  is the Boltzmann constant, T is the temperature 
in kelvin, R is the inter-electrode resistance, and BW is the 
bandwidth of interest. Considering that the body temperature 
is approximately 37°C (310.15 K) for =R 1 k , the 
spectral noise density is 

 0 = 4.13 nV Hz = 166.65 dBV HzN  . (10)

Classically, the input resistance of the receiver is matched 
with the equivalent source resistance to minimize the input 
noise of the receiver. To maximize the useful input voltage 
of the receiver for the intra-cardiac channel, the input 
resistance of the receiver must here be much greater than 
the equivalent inter-electrode resistance [11]. The input 
noise can thus be considered equal to the thermal noise of 
the inter-electrode resistance.
 

The synchronization signal, ( )s t , can be interpreted as 
a train of pulses with period equal to the cardiac cycle, CCT , 
and pulse duration equal to bitT . We could assume that CCT  
is infi nitely longer than bitT , allowing the time-analysis of 
the signal to be reduced to a single pulse. Considering only 
the fi rst harmonic of the carrier, the synchronization pulse 
can then be represented in the time domain as 

  0

2

( ) = 2
Tbit

s t cos f t ,  (11)

where   is the rectangular function, t is the time variable, 
and 0f  is the carrier-frequency value. Applying the 
convolution theorem of the Fourier transform, we can easily 
retrieve the analytical representation of synchronization 
pulse in the positive frequency domain:

      0= Sincbit bitS f T fT f f   . (12)

We could reasonably approximate the bandwidth of the 
synchronization signal to the main lobe of ( )S f  that is 
equal to 14

bitT
. As a result, we found the maximum allowed 

bandwidth of the synchronization signal to be

  0 104dBV = 4 THzBW N BW   . (13)

Recalling the relationship between the bit duration and 
bandwidth of the on-off -keying-modulated synchronization 
signal, we found a minimum bit duration of = 1 psbitT , 
which is far shorter than the needs of this application. 
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4. Receiver Architec ture

4.1 Main Ultra-Low-Pow er 
Topologies

In this section, we point out two families of on-
off -keying receiver known for minimizing the power 
consumption: the quasi-passive and the superregenerative 
receivers.

In the last decade, several quasi-passive wakeup 
receivers have been proposed [20-24]. Those solutions 
relied on signal-rectifi cation techniques widely used for 
wireless power transfer [25]. This method is suited for 
reaching power-consumption values in the sub-micro-Watt 
scale. By the way, on-off -keying receivers usually have 
low sensitivity, due to diode-threshold-voltage activation.

An elegant approach to minimizing power 
consumption while increasing the sensitivity of on-
off -keying receivers comes from the superregenerative 
architecture. The superregenerative receiver (SRR) has 
been widely used in the literature for ultra-low-power 
applications, since only two high-frequency blocks are 
required to demodulate on-off -keying signals [26]. The 
superregenerative receiver architecture can be used on 
the whole frequency spectrum and with diff erent physical 
waves. In [27], Fuketa designed a superregenerative receiver 
in 0.25 μm technology for ultrasound communication 
using an external transducer to couple the front-end LNA 
of the receiver. Superregenerative receivers for medical 
applications in the MICS band were proposed in [28-30], 
whereas receiver designs for the ISM band were suggested 
in [31] and [32], with center frequencies respectively 
at 900 MHz and 2.4 GHz. A low-power solution for 

intra-body communication for body-surface applications 
was also provided in [33] using a carrier frequency of 
13.56 MHz. Figure 7 is a log-scale plot that summarizes the 
performance of all reported on-off -keying receivers, where 
we can see a linear dependence of the power consumption 
on frequency. High sensitivity values are reachable over 
the whole frequency spectrum thanks to the high gain of 
the superregenerative receiver’s architecture. Indeed, it is 
possible to achieve extremely high gains and narrow-band 
fi ltering with a limited amount of current consumption 
thanks to the superregenerative receiver’s architecture.

4.2 The Superregenerative 
R eceiver

As pointed out in Figure 8, the core of the 
superregenerative receiver is an oscillator (SRO) the 
feedback amplifi er of which has a time-dependent gain. 
Above a critical gain value, the oscillator is able to satisfy 
the fi rst Barkhausen criterion [34], leading to oscillation 
to occur. A control signal drives the time-evolution of the 
gain to periodically counteract the oscillator dispersion. 
As a result, the system alternates unstable periods, where 
oscillations occur, and damping periods, where the control 
signal quenches the oscillations. The resonant tank circuit 
that fi xes the resonance frequency of the oscillator is coupled 
with the input signal, inv . The response of the oscillator thus 
varies according to the amplitude and the frequency of inv . 
The second active device required by the superregenerative 
receiver is the low-noise transconductance amplifi er 
(LNTA) at the front-end of the receiver. The low-noise 
transconductance amplifi er has a dual function: it injects in 
the oscillator tank an amount of current that is proportional 
to the amplitude of the input signal, and it isolates the 
input interface reducing the leakage that would cause 

Figure 7. The power consumption of ultra-low-power on-off -keying receivers over a wide spectrum ranges.
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involuntary emissions when the system is resonating. 
Finally, the baseband information is retrieved by comparing 
the envelope of the output of the oscillator to a threshold 
value, REFV . As a result, the superregenerative receiver is 
a sampling system with extremely high gain, the maximum 
data rate of which is limited by the quenching frequency.

5. Circuit Design

The whole  receiver was designed using a 0.18  μm 
CMOS technology, since this can also handle high-voltage 
applications, allowing the integration of all leadless cardiac 
pacemaker functionalities in a single chip to reduce the 
fabrication costs of the device.

 
For the core of our superregenerative receiver, we 

decided on adopting the Pierce oscillator topology to 
minimize the number of inductive components. Due to the 
limited working frequency of intra-body communication, 
the chip integration of the inductance would be unreasonable 
in terms of size and, consequently, production costs. We thus 
could use an external inductor for the selective network. 
We chose the SDR0302-820KL since this component 
was a good compromise between high inductance and 
size. The resonance frequency of the selective network 
was set to 4 MHz as a compromise between inductance 
stability and sensitivity requirement. The capacitors of the 
selective network, 1C  and 2C , were integrated on chip with 
capacitances respectively equal to 28.97 pF and 58 pF. 

Furthermore, the value of 1C  was trimmed with an 11-bit 
precision. The trimming of 1C  was necessary to calibrate 
the resonating frequency to the selected carrier frequency 
of 4 MHz, considering the tolerance of the inductor and 
the process variations. To avoid the equivalent resistances 
of the superregenerative receiver blocks degrading the 
oscillatory response of the tank, we integrated three 
decoupling capacitors, 1dC , 2dC , and 3dC , the values 
of which were selected to behave as a short circuit at the 
resonance frequency.

 
Thanks to the low data rate required by this application, 

we could relax the constraint on the quenching frequency. 
To minimize both power consumption and chip size, we 
decided to build the quench signal using the 32 kHz clock 
of the leadless cardiac pacemaker. The feedback amplifi er 
of the oscillator was the common-source amplifi er, 1M . As 
such, the gain of the feedback amplifi er could be driven by 
controlling the drain current of

  ( ) = ( ).D m out DA I g r I

The quench signal had to slowly change to improve 
the sensitivity of the superregenerative receiver. On the 
other hand, the quenching had to ensure full depletion 
of the charges stored in the tank to avoid inter-symbol 
interference. To reduce the quench period, we suggested 
separately facing the dual task of the quench signal. 

Figure 8. A block schematic of a superregenerative receiver.

Figure 9. The time evolution of the quenching signal.
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Figure 9 shows the suggested waveform used to quench 
the oscillator. It consisted of a clock-driven signal that we 
could qualitatively divide into three regions: 

• The discharge period used to deplete the capacitors of 
the tank circuit; 

• The regenerative period used to initially charge the tank 
circuit according to the input signal coming from the 
front-end circuit; 

• The superregenerative period, where the oscillator was 
unstable, boosting the amplitude of the injected signal 
through the oscillatory response. 

The whole quench signal spread over eight clock cycles, 
leading to a quenching period = 250quenchT μs. The 
discharge period lasted for one clock cycle and it was 
characterized by abrupt variations, leading to a fast 
discharge of the selective circuit. During the second clock 
cycle, the quench signal passed from the discharge period 
to the regenerative period. Here, the current drawn to the 
amplifi er was not suffi  cient to satisfy the gain condition of 
the oscillator, but it was high enough to neglect the damping 
of the injected signal. 
 

Once the quench waveform was decided, we designed 
the quench generator as a network of current mirrors, 
with diff erent ratios converging on the same node. Each 
branch of the quench generator was enabled by a CMOS 
switch to control the initial quench current, startI , and the 
quenching period. In particular, seven bits were used to 
calibrate startI , whereas six bits were used to sequentially 
increase the quench current with a constant step of 30 nA 
during the superregenerative period. As a result, we had 
a programmable current sink in terms of amplitude and 
quenching period. The p-MOS pair M4-M5 mirrored the 
quenching current to bias the common-source amplifi er, 

1M . Monte Carlo simulations showed a maximum off set 
of 350 nA of the initial condition of the quenching current, 

which could be easily compensated through the seven-bit 
trimming circuit.

 
At the front end, the transconductance amplifi er was 

designed as a CMOS inverter biased in the transition region, 
where a resistive feedback was used to better fi x the bias 
point stabilizing the gain [35]. The inverter topology led to 
a small area dimension and low complexity for single-ended 
amplifi ers. Moreover, it allowed rail-to-rail operations with 
reduced supply voltage levels, which was an interesting 
characteristic for ultra-low-power applications.

To maximize the value of the feedback resistance, we 
designed a matched inverter-amplifi er such that in typical 
conditions, =

2
DD

in out
V

V V  . However, process variations 
could change the bias point of the amplifi er and make it 
work out of the transition region, where it would behave as 
a classic inverter. To counteract this eff ect, the input bias 
resistors, 1bR  and 2bR , were trimmed over eight bits. A 
second comparator was used to sense the bias point of the 
front-end amplifi er and give a digital feedback to fi nd the 
right combination for the trimmed network.

The output resistance of the inverter was designed 
to be much greater than the oscillator resistance, such 
that the oscillator gain was independent of the front-end 
circuitry. The transconductance of the amplifi er, mG , was 
set to 200 μS, leading to an overall gain at the resonance 
frequency equal to 

    0 0= 22.5 dBv m LA j G Z j   . (14)

To retrieve the envelope of the oscillator (SRO) output, 
we used a passive rectifi er circuit [25]. We decided to use an 
MOS diode with minimum size to maximize its resistance 
and minimize the occupied area. The pole related to the time 
constant of the envelope detector was set to 40 kHz to let 
the envelope of the signal pass and minimize the ripples at 
the resonating frequency.

Figure 10. The schematic (left) and layout (right) of the superregenerative receiver proposed in this work.
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For the comparator, we used a self-biased architecture 
[36]. The main advantage of this topology was that the 
circuit could source and sink high values of current with 
low quiescent consumption. We thus could have a fast 
response with low power consumption. 

The schematic diagram and layout of the 
superregnerative receiver are shown in Figure 10.

6. Superregenerative Receiver 
Simulation Results

Figure 11 s hows the evolution of the on-off  keying 
signal through the circuit. All the simulations performed 
included the thermal noise of the components to discriminate 
eventually false detections. The peak amplitude of the 
input signal was set to 90 μV. The input level followed 
the oscillating response of the resonant circuit; however, 
the voltage levels were moderate, reaching a peak-to-
peak voltage level of 700 μV. The voltage across the tank 
circuit (V_TANK) was an oscillating sinusoid that reached 
saturation for a peak level of 300 mV with an almost null 
dc component. The maximum limit of V_TANK came from 
the output dynamic of the superregenerative oscillator: as 
could be seen, the signal SRO_OUT had the same peak-
to-peak level as V_TANK. As soon as the oscillations 
rose, the voltage across the load of the envelope detector 
increased, reaching its maximum at 380 mV. This voltage 
level came from the peak voltage of the oscillator output 
and a residual contribution of the time-varying dc point 
of the oscillator output. The output of the comparator 
(OUT_COMP) converted the low dynamic of SRO_OUT 
into a signal that was detectable by the binary logic of the 
digital circuit. The current signal of Figure 11 represents 
the quenching signal of the oscillator. The internal clock of 
the device drove the quenching current of the oscillator, as 
previously described. The output signal of the receiver rose 
almost 60 μs before the end of the quench cycle, allowing 

for relaxing the routing constraint of the clock signal to 
demodulate the information.

6.1 Sensitivity

Parametric simulations of the input voltage were 
used to  fi nd the sensitivity of the receiver. The minimum 
voltage amplitude that was detectable by the receiver 
was about 10 μV. However, the time margin between the 
end of the quench cycle and the rise of the output signal 
lowered to 2 μs. The proposed receiver circuitry respected 
the high-sensitivity property of the superregenerative 
receiver’s architecture. At fi rst glance, the receiver might 
not have seemed power optimized concerning the sensitivity 
required. However, it is worth pointing out that this was 
the reference simulation performed with typical parameters 
of the MOS transistors at 37°C, which is the average body 
temperature. The minimum sensitivity was ensured over a 
broader temperature range (27°C to 50°C).

6.2 Bit Error Rate

The input signal was modeled as an on-off  keying 
signal with  a fi xed pulse width and a variable period. 
The period was modeled as a stochastic variable with 
a Gaussian distribution centered at = 3.33 ms with a 
variance 2 = 0.08  . The variance was selected to limit 
the input period variation to 25%, according to the maximum 

Receiver Block RMSI DDV Active Power

LNTA 8.7 μA 1 V 8.7 μW
SRO 9.5 μA 1 V 9.5 μW
Comparator 28 nA 1 V 28 nW

Table 1. Power consumption distribution.

Figure 11. The time evolution of the input signal through the proposed superregenerative receiver. 
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acceleration of the sinoatrial activity. The mean value of the 
Gaussian distribution,  , was selected to have a reasonable 
computational time, estimated to 24 hours. We performed a 
transient simulation of 34 s, leading to a number of pulses 

 434 s= 10 .
3.333 ms

sim

s

T
n

T
   (15)

The results of the simulation experienced no missing 
detections, ensuring a BER lower than 410 , which was 
already ten times better than the specifi cation requirements. 
Moreover, no false detections were experienced, as well. 

6.3 Power Consumption

The supply voltage of the receiver was fi xed and 
equal to 1 V.  On the other hand, the current varied over 
time due to the current-driven quenching of the oscillator. 
The active power consumption of the proposed circuit thus 
could be found as 

 W,active supply RMSP V I   (16)

where RMSI  is the root-mean-square current drawn by 
the supply-voltage generator. In Table 1, the distribution 
of the active power consumption among the blocks of the 
proposed receiver is reported. 

As shown in Table 1, the power consumption was 
dominated by the front-end amplifi er and the oscillator, 
while the comparator’s contribution was negligible, since it 
handled the baseband signal with a frequency that was several 
orders of magnitude lower than the carrier frequency. Even 
though the receiver was tailored to the application, the power 
consumption was still too high for continuous functioning. 
In the next section, we describe a communication strategy 
for the atrioventricular synchronization of dual-chamber 
leadless cardiac pacemakers that optimizes the duty cycle 
of the receiver to achieve an average power consumption 
in the sub-micro-Watt domain.

7. Communication Strategy

In a healthy heart, the electrphysiological impulse 
that drive s the heart beating arises from the sinoatrial 
node of the right atrium to the ventricles across specifi c 
conduction patterns of the heart’s tissue. However, electrical 
dysfunctions of the conduction system can cause asynchrony 
to rise. Asynchrony among atrial and ventricular activity 
makes the heart’s pumping less eff ective. Dual-chamber 
pacemakers counteract the asynchrony between the right 
atrium and the right ventricle by adapting the timing of 
the right-ventricle stimulation to the electrical activity 

of the right atrium, known as the P-wave for the ECG 
nomenclature.

The capsule implanted in the right ventricle requires 
the atrial activity information, such as the P-event detection 
of ECG sensors, to artifi cially synchronize the ventricular 
activity. The communication protocol is driven by the right-
atrium capsule, which sends a synchronization pulse to the 
right ventricle as soon as the P-wave detection occurs. To 
ensure a correct transmission of the information, the pulse 
width of the synchronization signal is 

  = 500 s,sync quenchT T    (17)

where quenchT  is the quenching period of the superregenerative 
receiver. We suggested an adaptive listening window 
that exploits the periodicity property of P-wave events. 
According to clinical studies [14], the physiological PP-
interval does not accelerate by more than 25% to 35% 
from beat to beat.

The right-ventricle capsule stores the timing 
information of the synchronization pulse when it correctly 
receives it. In case of no detection, it sends a stimulation 
request to the right-atrium capsule. The timing of previous 
synchronization pulses can be used to estimate the next 
P-wave event. Recalling that the variability of physiological 
P-wave acceleration is  25%, we could reduce the listening 
window accordingly. In this condition, the average power 
consumption of the receiver was reduced by a factor of 
four, but it was still unreasonable compared to the total 
power budget of leadless cardiac pacemakers. Let us now 
divide the synchronization issue into two separate aspects: 
the duty-cycle reduction, and the communication-module 
synchronization.

7.1 Duty Cycle Optimization for AV 
Synchronization

Recalling that the leadless cardiac pacema ker 
synchronization must occur with a maximum latency of 
10 ms, we could degrade the latency of the information 
transmission, reducing the duty cycle of the communication 
module. Assuming that the receiver was turned on for 
two quench periods, there were still 9.5 ms of margin for 
the demodulation latency. We proposed an event-driven 
communication that could occur during a predetermined 
period. The basic concept was to map the physiologic period 
where the P-wave could occur into periodic communication 
slots, where the communication could be enabled. It is 
worth reminding that the P-wave acceleration is relative 
to the real-time heart rate. The number of communication 
slots thus must be adapted to the heart rate as well. The 
time-window was composed of n periodic slots, covering 
the whole physiological time-window for both the emitter 
(right-atrium capsule) and the receiver (right-ventricle 
capsule). 



20 The Radio Science Bulletin No 376 (March 2021)

Let us fi rst consider the emitting slots of the right-
atrium capsule. Each slot was equally spaced in time by 

slotT  and had duration pulse equal to bitT . When the right-
atrium capsule detected the P-wave, it used the fi rst possible 
emitting slot of the TX window to send the synchronization 
pulse to the right-ventricle capsule. On the other hand, the 
right-ventricle capsule mapped the physiological time-
window into the same number of communication slots, 
n. Each slot was composed of a SLEEP-period and an 
ON-period. During the SLEEP-period, the device turned 
off  the receiver, whereas during the ON-period, it kept it 
active. The number of slots, n, was given as the fi rst integer 
number coming from the ratio between the physiological 
P-wave time-window and a single sub-block period( subT ):

 25%  = =RX

sub Sleep ON

T Heart Cyclen
T T T

 (18)

For example, if we considered having a heartbeat 
rate of 60 bpm, the total physiological period was equal 
to 250 ms. Setting = 9.5 mssleepT  and = 0.5 msONT  led 
to 25n  , reducing the overall listening time to 12.5 ms.

7.2 Communication Window 
Syn chronization

To ensure correct transmission of the synchronization 
pulse, the capsules had to have the same time reference, 
aligning the emitting and receiving slots. As we mentioned 
before, we suggested taking advantage of the periodic nature 
of physiological P-waves to adapt the communication slots. 

Let us assume that the right-atrium capsule detected a 
P-event: it would use the fi rst slot after the detection to send a 
synchronization pulse. In particular, the fi rst synchronization 
pulse was used to initiate the communication strategy 
for both the right-atrium capsule and the right-ventricle 
capsule, setting to zero a reference timer. Let us defi ne 
the value stored in the timers of the right-atrium and the 
right-ventricle capsules, respectively, as txPP  and rxPP . 
After initialization, the synchronization pulses were used 
to couple the right-ventricle capsule stimulation to the 
atrial activity. Figure 12 gives a graphical representation 
of the protocol for the P-wave transmission, where the 
right-atrium capsule sent an on-off  keying-modulated pulse 
with duration bitT , whereas the right-ventricle capsule 
sensed the presence of the synchronization pulse through 
the superregenerative receiver.

The right-atrium capsule stored the value of its 
reference timer, txPP , at the end of the transmission of 
the synchronization pulse. The right-atrium capsule used 

txPP  to calculate the starting time of the TX window for 
the next heart cycle ( ,Pest RAt ).

During the fi rst heart cycle, the right-ventricle capsule 
had no clue about whether and when the synchronization 
pulse could occur. The receiver was thus active all the time 
in a continuous way. As soon as the right-ventricle capsule 
detected the fi rst synchronization pulse, it stored the value 
of its reference timer, rxPP . As a result, the time correlation 
between reference timers of the capsules was given by

 , ,= ( ),tx i rx i i bitPP PP t T    (19)

 where it  is the demodulation delay of the superregenerative 
receiver for the ith atrial event, which is strictly positive by 

Figure 12. The transmission of the P-wave detection from the right-atrium capsule to the right-ventricle capsule, 
using the superregenerative receiver. The fi gures highlight the passage from an asynchronous transmission to a 
referenced transmission for atrio-ventricular synchronization.
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defi nition. In particular, the value of it  will depend on the 
amplitude of the incoming signal, but at least it takes 0t  
clock cycles to reach the saturation of the superregenerative 
receiver. We thus could assume that 

 64 s < < 250 s.it     (20)

Now, we could use the values of txPP  and rxPP  
as the P-event expectation to defi ne the communication 
slots discussed in the previous subsection. We could 
center the nth slots to the expected P-event timing. If 
we set  sON bitT T    , we could cover the whole 
physiological window, ensuring superposition of the 
emitting and receiving slots for at least one quench cycle 
of the superregenerative receiver. 

8. Discussion

With this work, we propose d a communication system 
for atrio-ventricular synchronization of multi-node leadless 
pacemaker systems using intra-body communication 
signals. The communication module was tailored on 
the atrioventricular synchronization application, starting 
from a preliminary analysis of the attenuation levels 
of intra-cardiac intra-body communication signals. We 
then performed a quantitative analysis of the maximum 
acceptable specifi cation of on-off -keying transceivers able 
to accomplish leadless cardiac pacemaker synchronization. 
The most stringent constraint was the emitting voltage 
aiming to prevent interference with physiological neuronal 
activity. The higher the frequency, the lower the danger 
of perturbing the nervous system conduction. We thus 
suggested working in the MHz range.

We designed and simulated a superregenerative 
receiver in 0.18 μm CMOS technology tailored for 
synchronization purposes.

It is not possible to exhaustively compare the suggested 
receiver to similar receivers of the state of the art due to the 
lack of scientifi c work in the literature. We qualitatively 

compare this work with the superregenerative receiver 
proposed by Cho in Table 2. Even though the receivers 
diff ered in several characteristics, the comparison can give 
a qualitative representation of the scientifi c results of our 
work. The main achievement of our design was the active 
power consumption, which was less than half the power 
of the circuit proposed by Cho. This result was obtained 
by relaxing the constraints over data rate and sensitivity. 
It is worth pointing out that the maximum sensitivity of 
the receiver was still one order of magnitude lower than 
the worst-case input amplitude. 

Quantitatively speaking, the receiver consumed about 
18 μW, which was two orders of magnitude higher than the 
maximum power budget allowed for the communication 
module. We thus suggested a simple solution to reduce 
the average power consumption down to 1.25% of its 
active power. The stochastic nature of the physiologic 
P-wave does depend on its previous value. In particular, 
PP-intervals should not exceed a beat-to-beat acceleration 
of 25% to 35%. Here, we have considered limiting the 
maximum acceleration to 25%. However, it is possible 
to have a programmable limit with a slight increase in 
digital-circuit complexity. For the sake of simplicity, we 
limited the consideration only to positive accelerations, 
but the same approach could be used for deceleration of 
the P-wave, if required.

The proposed algorithm tracked previous PP-intervals 
to map sub-windows over the whole physiological variability 
period. Thanks to this method, we could synchronize heart 
chambers in a power-effi  cient way. The active power 
consumption adapted to the heart rate, making the average 
power consumption constant over time.

Thanks to the reduction of the duty cycle, the receiver 
could achieve an average power consumption as low as 
320 nW for a P-wave variability of 35%. To guarantee 
the same longevity of a single-chamber leadless cardiac 
pacemaker – for example, 10 years – we would need an 
additive charge equal to 

 (mAh) = 10 years 8.5 mAhav DD

bat

I V
Q

V
 . (21)

The eff ort of this increase in battery capacity was rewarded 
with a continuous-time AV-synchrony, improving the he-
modynamics of patients.

9. Conclusion

In this work, we addressed all th e technological 
challenges for the telemetry of multi-node leadless 
pacemaker systems, pointing out the communication system 
requirements. A nice solution for the expected low-input 
signal levels came from the superregenerative receiver. 
The superregenerative receiver was particularly appealing 

Parameter Cho2016 This Work
Technology 65 nm 180 nm
Supply voltage 0.8 V 1 V
Frequency 13.56 MHz 4 MHz
Latency 10 μs 250 μs
Modulation OOK OOK
Data rate 100 kbps 2 kbps

BER 510 4< 10

Sensitivity 1 μV 10 μV
Power consumption 42.5 μW 18.25 μW

Table 2. Performance of the designed receiver.
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since it could achieve extremely high gains with the lowest 
number of high-frequency blocks. A superregenerative 
receiver was designed in 0.18 μm CMOS technology. The 
receiver was tailored for the synchronization of leadless 
cardiac pacemakers, achieving 18 μW of estimated active 
power. Simulation studies showed a robust design against 
noise, achieving a bit error rate lower than 0.01% of events 
with a sensitivity of 100 dBV.

Nevertheless, the active power consumption of the 
receiver prevented the leadless cardiac pacemaker from 
continuously listening to the communication channel. We 
thus acted on the optimization of the listening time of the 
receiver to reduce its impact on the device longevity. We 
proposed an adaptive communication strategy allowing 
the reduction of the receiver’s duty cycle. As a result, we 
had a receiver that could detect a synchronization pulse at 
each cardiac cycle, consuming only 320 nW of the leadless 
cardiac pacemaker’s power budget. The additional power 
required by the receiver could be compensated over ten 
years by increasing the battery-charge capacity by 8.5 mAh, 
which was approximately 14% of the total capacity of 
the smallest battery integrated into the leadless cardiac 
pacemakers currently on the market.

This system was optimized in leadless cardiac 
pacemaker capsules with a length equal to 33 mm; however, 
a simulation model proposed in this work could allow 
identifi cations of the attenuation levels for diff erent capsule 
sizes. This is an important consideration to take into account 
because of the impact of the dipole’s length on the intra-body 
communication signal’s attenuation. This work led to the 
fi rst power-optimized solution for communication-based 
leadless cardiac pacemaker synchronization.
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1. Introduction

In the area of computational electromagnetics, there is 
an extensive literature on broadband solvers that were 

developed to analyze multiscale objects [1-11]. Some 
of these structures involved small details, the numerical 
solutions to which with conventional elements – such as 
triangles – required dense discretizations with respect to 
wavelength. Some other objects may have needed dense 
discretizations to accurately model equivalent currents 
at critical locations, even if their geometric features 
allowed larger elements. In any case, development and 
implementation of a broadband solver to handle such 
relatively large objects with dense discretizations are often 
associated with maintaining “low-frequency” stability [12-
30], since the conventional methods tend to break down 
when discretization elements become small in comparison 
to the operating wavelength. Accuracy and effi  ciency 
are sought in terms of two components: formulation/
discretization and solution algorithms. In the context of 
formulation/discretization, alternative formulations have 
been developed, e.g., the augmented electric-fi eld integral 

equation [14, 19], potential integral equations (PIEs) [23-
26], and other formulations incorporating electric charges, 
to name a few for perfect electric conductors (PECs). In 
terms of solution algorithms, low-frequency-stable methods 
have been continuously proposed and implemented. Diverse 
implementations of the low-frequency Multilevel Fast 
Multipole Algorithm (MLFMA) using multipoles [1, 4], 
inhomogeneous plane waves [3, 12], or other expansion 
techniques [9, 11, 28-30] merely form one track on the 
development of broadband solution algorithms. 

For closed PECs, another well-known challenge is the 
internal-resonance issue that appears for some formulations, 
making their solutions problematic in terms of accuracy 
and/or effi  ciency at some frequencies [31]. Considering 
the conventional electric-fi eld integral equation (EFIE) 
and the magnetic-fi eld integral equation (MFIE) – both of 
which suff er from internal resonances – their combination 
as the combined-fi eld integral equation (CFIE) is the 
most popular approach to reach resonance-free solutions 
[32, 33]. However, with the conventional discretizations 
(e.g., using the Rao-Wilton-Glisson (RWG) functions on 
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triangles), the electric-fi eld integral equation suff ers from 
a dense-discretization breakdown [13], which also aff ects 
the stability of the combined-fi eld integral equation for 
such discretizations. On the other side, again with the 
conventional-discretization schemes, the magnetic-fi eld 
integral equation has relatively poor accuracy [34-36], 
contaminating the solutions of the combined-fi eld integral 
equation, particularly for objects with sharp edges 
and corners. Unsurprisingly, for both the electric-fi eld 
integral equation and the magnetic-fi eld integral equation, 
alternative discretization schemes have been developed 
[13, 15, 17, 18, 21, 34, 35] to improve the accuracy, 
effi  ciency, and stability of these formulations, as well as 
of the combined-fi eld integral equation, especially when 
solving challenging real-life problems.

At the same time, formulations that can still provide 
the desired solution capabilities (specifi cally, accuracy and 
effi  ciency) while employing the conventional-discretization 
schemes are attractive in terms of applicability and 
practicality. Among such eff orts, implementations based on 
potential integral equations have been shown to be accurate 
for arbitrarily low frequencies and dense discretizations 
[23-26]. However, they are limited by internal resonances 
that appear for relatively large closed conductors [37, 38]. 
To reach a truly stable formulation for arbitrarily dense 
discretizations while still using the conventional elements, 
the contributing authors of this issue (SOLBOX-22) have 
recently proposed a combined potential-fi eld formulation 
(CPFF) [39]. It has been shown that the combined potential-
fi eld formulation not only enables accurate, effi  cient, 
and stable solutions of challenging problems with dense 
discretizations, but also provides eff ective analyses of 
moderately discretized structures, becoming a suitable 
alternative to the combined-fi eld integral equation when 
using conventional-discretization schemes. 

This issue of SOLBOX includes two diff erent 
problems, the solutions of which appear to be diffi  cult with 
some of the conventional formulations and discretization 
schemes. The fi rst problem involves an array of perfectly 
conducting cubes. The second problem involves a single 
body, i.e., a perfectly conducting “golf ball.” Both structures 
were excited via plane waves at diff erent frequencies. In 
the sample solutions, the discretization of the fi rst problem 
involved triangles with relatively moderate sizes in terms of 
wavelength, while the second problem was modeled with 
a much-denser triangulation. In both cases, in addition to 
solutions with the conventional formulations, those obtained 
via the combined potential-fi eld formulation are presented 
to demonstrate one way of solving the problems both 
accurately and effi  ciently. Readers are welcome to submit 
their solutions to the same or similar problems, possibly 
via alternative approaches that may provide eff ective 
simulations of these kinds of problems. 

2. Problems

2.1 Problem SOLBOX-22

SOLBOX-22 involves two sets of problems having 
distinct geometries and properties. 

The fi rst structure was a relatively simple two-
dimensional array of 10 × 10 = 100 identical cubes. 
Each cube had 0.4 m edges, while the center-to-center 
distance was set to 0.55 m, leading to an array with 
5.35 × 5.35 × 0.4 m overall dimensions. The surfaces of 
the cubes were discretized with 5 cm triangles, resulting 
in 768 triangles per cube and 76,800 triangles to model 
the entire array. The structure was investigated from 
250 MHz to 1000 MHz when it was located in vacuum. 
The wavelength (  ) hence changed approximately from 
1.2 m to 0.3 m, such that the mesh size was in the range 
of from 24  to 6 . In the sample solutions, for which 
various formulations were used, the array was illuminated 
by linearly polarized plane waves with normal incidence, 
while the number of iterations in the iterative solutions 
was limited to 500 (that appeared to be a challenging limit 
without preconditioning).

The second structure was a “golf ball,” i.e., a spherical 
surface covered by 247 dimples. The diameter of the 
sphere was 42.67 mm, while each dimple had a width of 
4.18 mm and a depth of 0.25 mm. Using a mesh size of 
0.5 mm, the structure was discretized with a total of 94,936 
triangles. Plane-wave excitation (with linear polarization) 
was considered from 7.5 GHz to 35 GHz, i.e., when the 
wavelength was approximately in the range from 4 cm to 
8.57 mm, in vacuum. This meant that the mesh size changed 
from 80  to 17 . The number of iterations was again 
limited to 500 when comparing the performance of diff erent 
formulations (the conventional formulations and combined 
potential-fi eld formulation). 

Once current coeffi  cients were obtained in the 
frequency domain, scattered fi elds could be found in the 
near or far zones. In the sample results, near-zone fi elds 
were focused on. We particularly considered the electric-
fi eld intensity and power density in the vicinity of the 
structures (cross-sectional planes) to assess the accuracy 
of solutions by examining internal values.

3. Solution to SOLBOX-22

3.1 Solution Summary

Solver type (e.g., Noncommercial, commercial): Noncom-
mercial research-based code developed at CEMMETU, 
Ankara, Turkey 
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Solution core algorithm or method: 
Frequency-domain broadband MLFMA

Programming language or environment (if applicable):
MATLAB + MEX

Computer properties and resources used:
2.5 GHz Intel Xeon E5-2680v3 processors (using single 
core)

Total time required to produce the results shown (categories: 
1 sec, 10 sec, 1 min, 10 min, 1 hour, 10 hours, 
1 day, 10 days, 10 days): 10  hours for a single 

frequency (using the combined potential-fi eld formulation

3.2 A Short Description of the 
Numerical Solutions

A broadband MLFMA implementation in the 
frequency domain, namely AD-MLFMA [11, 30], was 
used to solve the problems described under SOLBOX-22. 
The implementation was based on an approximate 
diagonalization that provides stable and accurate 
interactions for arbitrarily small box sizes. The fi rst set of 
problems (involving the array of cubes) was solved via 
six-level AD-MLFMA, while the second set of problems 

(involving the golf ball) was solved via eight-level AD-
MLFMA in their entire frequency ranges. A one-box-buff er 
strategy was employed to distinguish and organize near-
zone and far-zone interactions between computational 
boxes. The residual error for iterative convergence was 
set to 0.001, while the number of iterations was limited 
to 500. For iterative solutions, the generalized minimal 
residual (GMRES) algorithm without preconditioning 
and restart was used. The problems were formulated with 
the electric-fi eld integral equation, the magnetic-fi eld 
integral equation, the combined-fi eld integral equation, 
and the combined potential-fi eld formulation [39], as well 
as a potential formulation (PF) based on potential integral 
equations [25, 26]. All formulations were discretized via 
the RWG functions to expand/test vector quantities and 
pulse functions to expand/test scalar quantities (required 
for combined potential-fi eld formulation and potential 
formulation). Basis integrals were carried out by using 
singularity extraction and three-point Gaussian quadrature. 
For the outer integrals, single-point testing was employed 
by selecting testing points at the centers of triangles. 

3.3 Results

Figure 1 presents the solutions of the scattering 
problems involving the 10 × 10 array of cubes. The number 
of generalized minimal residual iterations (to reach 0.001 
residual error) is shown with respect to frequency from 
250 MHz to 1000 MHz when diff erent formulations were 
used. We recall that the maximum number of iterations was 
set to 500 such that the plot in Figure 1 demonstrated many 
non-convergent solutions (those with 500 iterations) in 
addition to convergent solutions. As complementary results, 
Figure 2 includes convergence histories (residual errors 
with respect to generalized minimal residual iterations) at 
all frequencies, i.e., from 250 MHz to 1000 MHz, sampled 
with 50 MHz intervals. Our observations were as follows:

• The magnetic-fi eld integral equation had convergence 
issues after 450 MHz; for solutions at higher frequencies, 
it provided a convergence only at 650 MHz. In the 
literature, it is well known that the stability of the 
magnetic-fi eld integral equation can be improved by 
resorting to alternative discretization schemes [34, 
35]. Even increasing the number of testing points may 
accelerate the iterative convergence of the magnetic-
fi eld integral equation.

• The electric-fi eld integral equation also suff ers from 
convergence issues at certain frequencies, as expected 
due to the ill-conditioned nature of this formulation 
without preconditioning. We again emphasize that 
these results were obtained with a specifi c discretization 
scheme and the iterative convergence of the electric-
fi eld integral equation can be improved by employing 
more-suitable discretization functions [13, 15].

Figure 1. The solutions of the scattering problems 
involving the 10 × 10 array of cubes. The number 
of iterations (to reach 0.001 residual error) was 
plotted with respect to frequency for diff erent 
formulations. 
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• The behavior of the potential formulation is similar to 
that of the electric-fi eld integral equation. As this set of 
simulations did not involve very dense discretizations, 
the low-frequency-stability of the potential formulation 
was not apparent, and the formulation demonstrated 
the characteristics of a fi rst-kind integral equation. 
Resorting to alternative forms of the potential integral 
equations [24] or preconditioning [26] can be helpful in 
improving iterative solutions of these integral-equation 
formulations. 

• Two formulations that provide effi  cient solutions are 
the combined-fi eld integral equation and the combined 
potential-fi eld formulation, while we observed that 
the combined potential-fi eld formulation had better 
performance when the mesh size was smaller than 

10 . We recall that the combined potential-fi eld 
formulation was particularly developed for dense 
discretizations, while this formulation seemed to also 
provide a remarkable iterative effi  ciency for coarser 
discretizations (e.g., at frequencies higher than 600 MHz 
in Figure 1). 

Figures 3-5 present the near-zone electric-fi eld 
intensity sampled in the cross-sectional plane of the 10 
× 10 array at 550 MHz and 650 MHz. Specifi cally, these 
fi gures depict the total electric-fi eld intensity distributions 
obtained by using the combined potential-fi eld formulation, 
the combined-fi eld integral equation, and the electric-fi eld 

integral equation, respectively. In the plots, a dynamic range 
of 30 dBV/m to 0 dBV/m was used, where 30 dBV/m is 
represented by blue and 0 dBV/m is represented by red (the 

Figure 2. The iterative convergence histories for the solutions of the scattering prob-
lems involving the 10 × 10 array of cubes. 

Figure 3. The near-zone electric-fi eld intensity in 
the cross-sectional plane of the 10 × 10 array at 
550 MHz and 650 MHz obtained with the combined 
potential-fi eld formulation.
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incident plane wave had 1 V/m 0 dBv/m  electric-fi eld 
intensity). Investigating the results in Figure 3, which were 
obtained via the combined potential-fi eld formulation, we 
clearly observed vanishingly small fi elds inside the cubes, 
as expected considering that they were perfectly conducting. 
Intensity values varied signifi cantly in the regions between 
the cubes due to complex interactions among them and their 
strong responses to the external excitation. 

Figure 4 presents even more interesting results in terms 
of accuracy. At 650 MHz, the intensity distribution obtained 
by using the combined-fi eld integral equation agrees well 
with that obtained by using the combined potential-fi eld 
formulation. On the other hand, the results obtained with the 
two formulations at 550 MHz were signifi cantly diff erent. 
In fact, remarkable values of internal fi elds in Figure 4 
indicate that the combined-fi eld integral-equation result 
was inaccurate. We emphasize that the combined-fi eld 
integral equation provides a rapid iterative convergence at 
550 MHz (see Figure 1). However, this convergence does 
not correspond to an accurate solution. Considering that 
both the electric-fi eld integral equation and the magnetic-
fi eld integral equation are not well-conditioned at this 
frequency (using the described discretization scheme), it 
is likely that the combined-fi eld integral equation suff ered 
from an ill-conditioning that may have led to a deviation 
of the true residual from the observed residual. However, 
a complete explanation (e.g., how it still led to accurate 
solutions at 650 MHz) needs further investigation. 

We fi nally note the signifi cantly inaccurate results 
in Figure 5, which presents the intensity distributions 

obtained by using the electric-fi eld integral equation. 
Since the electric-fi eld integral equation suff ers from 
internal resonances, nonzero internal fi elds did not directly 
demonstrate the inaccuracy of this formulation. On the 
other hand, the intensity values outside the cubes were 

Figure 5. The near-zone electric-fi eld intensity in 
the cross-sectional plane of the 10 × 10 array at 
550 MHz and 650 MHz obtained with the electric-
fi eld integral equation.

Figure 4. The near-zone electric-fi eld intensity in 
the cross-sectional plane of the 10 × 10 array at 
550 MHz and 650 MHz obtained with the combined-
fi eld integral equation.

Figure 6. The solutions of the scattering problems 
involving the “golf ball” geometry. The number 
of iterations (to reach 0.001 residual error) was 
plotted with respect to frequency for diff erent 
formulations.
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not consistent with those obtained with the combined 
potential-fi eld formulation. In fact, considering outer fi elds, 
the results provided by the electric-fi eld integral equation 
seem to be relatively more accurate at 650 MHz, i.e., when 
it did not provide a full iterative convergence, as shown 
in Figures 1 and 2. 

We next focus on the “golf ball” geometry. Figures 6 
and 7 present iterative solutions from 7.5 GHz to 35 GHz, 
again when using diff erent formulations. For this geometry, 
the electric-fi eld integral equation did not provide any 
convergence in the entire frequency range. On the other 
hand, the potential formulation demonstrated relatively 
better performance at lower frequencies, i.e., when the 
mesh size was remarkably small in comparison to the 
wavelength. At the higher frequencies (30 GHz to 35 GHz), 
the potential formulation did not lead to iterative 
convergence within 500 iterations, but the values reached 
for the residual error were relatively low. As clearly shown 
in Figure 6, the combined potential-fi eld formulation 
provided faster iterative convergences than the combined-
fi eld integral equation, while the superiority of the combined 
potential-fi eld formulation was remarkable, especially at 
the lower frequencies (for which the combined potential-
fi eld formulation was designed). The performance of the 
magnetic-fi eld integral equation was similar to (and, 
sometimes, even better than) the performance of the 
combined potential-fi eld formulation, except for the higher 
end of the frequency range. However, as the internal 

resonances of the magnetic-fi eld integral equation have 
radiating characteristics, this formulation was not practical 
(alone) for the “golf ball” geometry, the size of which 
changes from   to 5  in this set of problems. 

To demonstrate the accuracy of solutions, Figure 8 
presents the power density in the cross-sectional plane 
at frequencies from 15 GHz to 35 GHz with 500 MHz 
intervals. To clearly visualize errors, the color range was 
adjusted from 60dBW/sm  (blue) to 30 dBW/sm  (red). 
We noted that the power density of the incident wave was 
approximately 2.65 mW/sm = 25.8 dBW/sm , so that we 
particularly focused on internal values in these plots (the 
outer density values were generally out of the color range). 
Our observations were as follows:

• Both the magnetic-fi eld integral equation and the 
potential formulation suff ered from internal resonances, 
which were clearly observed at 22.5 GHz, 32.5 GHz, and 
35.0 GHz. We noted that as opposed to the magnetic-
fi eld integral equation, the internal resonances of the 
potential formulation did not contaminate the scattered 
fi elds. 

• Signifi cant nonzero internal values were observed for 
the electric-fi eld integral equation. These were caused 
by both internal resonances and non-convergence of 
the electric-fi eld integral equation solutions.

Figure 7. The iterative convergence histories for the solutions of the scattering 
problems involving the “golf ball” geometry.
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• Considering the combined-fi eld integral equation 
results, we observed remarkably high values inside 
the structure, particularly at the lower frequencies. As 
the combined-fi eld integral equation is free of internal 
resonances, these inaccuracies were likely to be caused 
by ill-conditioning, which may be resolved by resorting 
to more-suitable discretization schemes. 

• Considering internal fi elds, the combined potential-
fi eld formulation provided perfect results in the entire 
frequency range with vanishingly small power-density 
values inside the structure. These results could be seen 
as a verifi cation of the stability of this formulation for 
densely discretized objects. 

In conclusion,  the problems described in SOLBOX-22 
could accurately and effi  ciently be solved with a novel 
formulation, namely, the combined potential-field 
formulation. In contrast, the conventional formulations 
with a standard discretization scheme seemed to suff er 
from serious accuracy and effi  ciency issues. To emphasize 
again, each formulation could be improved via more-
suitable discretization strategies (even increasing the 
number of testing/basis points may provide remarkable 
improvements). However, the combined potential-fi eld 
formulation provided the desired solution capabilities under 
the same (basic) conditions. 
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Eff ect and the Havana Syndrome

James C. Lin

University of Illinois at Chicago 
851 S. Morgan St. (M/C 154)

Chicago, IL 60607 USA
E-mail: lin@uic.edu

Over the past four or fi ve years, nearly 200 US personnel 
have reported similarly mysterious attacks while 

working in places such as Havana, Guangzhou, London, 
Moscow, Vienna, and Washington, DC. It seems that 
every few months if not weeks, another mysterious attack 
on US diplomatic and intelligence personnel is reported, 
some as recent as July 2021 [1-3]. The acute symptoms 
include headache and nausea, immediately following the 
hearing of loud buzzing or bursts of sounds. The illness 
and symptoms have been called the Havana Syndrome, 
after the city where cases were fi rst reported. This refers 
to the range of symptoms fi rst experienced by US State 
Department personnel stationed at the American embassy 
in Havana, Cuba. 

The reported accounts from Havana and elsewhere 
include targeted subjects localizing the sources of sound 
as coming from above or b ehind their heads, experiencing 
a directional sound that ceases if one steps away, or one 
person would hear the sound but no one else in the same 
room would hear it. The process of educated elimination 
would thus preclude such suggested causes as fl u, tropical 
diseases, ultrasound, psychosomatic mass hysteria, or 
swarming cicadas.

Assuming that the reported accounts are reliable, the 
microwave auditory eff ect provides a scientifi c explanation 
for the Havana syndrome [4, 5]. Absorption of pulsed 
microwaves can create an acoustic wave inside the head [6, 
7, 14]. It is possible that the loud buzzing, burst of sound, 
or pressure waves could have been covertly delivered using 
a beam of high-power pulsed microwave radiation, rather 
than blasting the subjects with conventional sonic sources. 
Microwave hearing does not go through the ear: it goes 
directly from the brain tissue to the cochlea. Absorption 
of short pulses of microwave energy by brain tissues 
creates a rapid expansion of brain matter and launches 
an acoustic wave of pressure (a sound wave) that travels 
inside the head to the inner-ear cochlea [6, 7, 14]. The short, 
microsecond-wide high-power microwave pulses do not 
generate measurable amounts of heat in the brain tissues.

Indeed, many researchers and government people 
have come to believe that the microwave auditory eff ect – 
induced by a targeted beam of high peak-power pulsed 
microwave radiation – may be the most likely scientifi c 
explanation for the Havana syndrome. The US National 
Academies of Sciences, Engineering, and Medicine’s report 
[8], which examined the plausible causes of the described 
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illnesses, makes the point that “among the mechanisms 
the study committee considered, the most plausible mech-
anism to explain these cases, espe cially in individuals with 
distinct early symptoms, appears to be direct ed, pulsed RF 
(microwave) energy.” Of course, until the truth is revealed, 
this specifi c matter will remain somewhat of a mystery. 
Nonetheless, the administration of President Joseph Biden 
says it is vigorously investigating the latest reports of 
the mysterious illness aff ecting American diplomats and 
intelligence personnel [9].

A growing number of researchers and government 
members think that some form of directed-energy microwave 
weapon may be involved in the Havana syndrome. 

If the microwave auditory eff ect is weaponized, at 
suffi  ciently high powers, aside from microwave pulses 
causing non-lethal primary auditory pathway injury, it is 
likely to produce lethal and/or non-lethal damage to brain 
tissues by the reverberating sonic-pressure shock waves. 
The damage would not be by microwave pulse-induced 
hyperthermia through excessive temperature elevation in 
the brain, nor by dielectric breakdown of brain, muscle, 
or skin tissues [10].

It is noteworthy that the US government has 
announced a research program to develop low-cost, low-
weight, small-size, wearable, microwave-weapon-exposure 
detectors [11]. The announcement acknowledged that 
directed energy weapons, including microwave weapons, 
are a growing threat on the battlefi eld. It also suggests that 
the determinants of a microwave weapon’s antipersonnel 
eff ects are multifactorial and RF injuries may be situation 
dependent. It envisions that in addition to being generally 
useful for a wide variety of military operations, commercial 
applications include industrial, manufacturing, and medical 
facilities in which personnel may be inadvertently exposed 
to high-power microwave sources.

Indeed, research in high-power microwaves continues 
worldwide, including among the major military powers 
[12, 14]. 

Apparently, the US military has maintained some 
interest in the topic of the microwave auditory eff ect, and 
has awarded a research contract entitled “Remote Personnel 
Incapacitation System” through the Navy’s small business 
innovative research program [12, 13]. The initial goal 
of the project was to design and build a prototype non-
lethal weapon based on the microwave auditory eff ect. 
The transient personnel incapacitation system is dubbed 
MEDUSA (Mob Excess Deterrent Using Silent Audio). 
The weapon relies on a combination of pulse parameters 
and pulse power to raise the auditory sensation to the 
“discomfort” level to deter personnel from entering a 
protected perimeter. While the status or outcome of this 
project maybe privileged, there are indications that hardware 
was built, and power measurements were taken to confi rm 
the required pulse parameters enabling observation of the 

microwave auditory eff ect, which is an expected situation 
that was never in doubt.

The required microwave technology is mature and 
in general, commercially available in many developed 
countries. Longer distances and higher power scenarios 
would require more bulky equipment and sophisticated 
aiming devices, but packable equipment is possible for 
closer-range non-lethal applications [10, 14]. This would 
not preclude the use of a much higher power microwave 
weapon located at farther distances from the intended targets 
to raise the auditory sensation to the “discomfort” levels. 
Existing hardware could also be optimized to meet some 
specifi c requirements in covert or fi nely targeted operations.
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Netherlands, m.j.bentum@tue.nl

RFI 2022
Radio Frequency Interference 2022
Virtual meeting, 14-18 February 2022
Contact : events@ecmwf.int, https://events.ecmwf.int/
event/258/ 

March 2022

URSI France 2022 Workshop
Journeé scientifi que 2022 d’URSI France
Paris, France, 22-23 March 2022
Contact : E-mail: ursifr-2022@sciencesconf.org, https://
ursifr-2022.sciencesconf.org/ 

EuCAP 2022 
16th European Conference on Antennas and Propagation
Madrid, Spain, 27 March - 1 April 2022
Contact : Dr. Manuel Sierra Castañer,  EuCAP2022 
Conference Chair, EuCAP2022 email-service@euraap.
org, http://www.eucap2022.org 

May 2022

AT-AP-RASC 2022
Third URSI Atlantic Radio Science Conference
Gran Canaria, Spain, 30 May - 4 June 2022
Contact: Prof. Peter Van Daele, URSI Secretariat, Ghent 
University – INTEC, Technologiepark-Zwijnaarde 126, 
B-9052 Gent, Belgium, E-mail: peter.vandaele@ugent.be, 
http://www.at-rasc.com 

July 2022

COSPAR 2022
44th Scientifi c Assembly of the Committee on Space 
Research (COSPAR) and Associated Events
Athens, Greece, 16-24 July 2022
Contact : GREECE COSPAR 2022 Secretariat, Fax: +30 
2103643511, E-mail: info@cosparathens2022.org , https://
www.cospar-assembly.org/assembly.php  

September 2022

EMC Europe 2022
Gothenburg, Sweden, 5-8 September 2022
Contact : EMC Europe 2022 Secretariat: info@
emceurope2022.org, Conference Chair: Prof. Jan 
Carlsson jan.carlsson@emceurope2022.org, https://www.
emceurope2022.org/ 

August 2023

URSI GASS 2023
XXXVth URSI General Assembly and Scientific 
Symposium 2023
Sapporo, Hokkaido, Japan, 19 - 26 August 2023
Contact: URSI Secretariat, c/o INTEC, Tech Lane Ghent 
Science Park - Campus A, Technologiepark-Zwijnaarde 
126, B-9052 Gent, Belgium, E-mail info@ursi.org   

August 2025

AP-RASC 2025
Asia-Pacifi c Radio Science Conference 2025
Sydney, Australia, August 2025
Contact: Prof. Paul Smith, Macquarie University, Australia, 
E- mail paul.smith@mq.edu.au  

A detailed list of meetings is available on the URSI website 
at http://www.ursi.org/events.php
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Information for Authors

Content

The Radio Science Bulletin is published four times 
per year by the Radio Science Press on behalf of URSI, 
the International Union of Radio Science. The content 
of the Bulletin falls into three categories: peer-reviewed 
scientifi c papers, correspondence items (short technical 
notes, letters to the editor, reports on meetings, and reviews), 
and general and administrative information issued by the 
URSI Secretariat. Scientifi c papers may be invited (such 
as papers in the Reviews of Radio Science series, from the 
Commissions of URSI) or contributed. Papers may include 
original contributions, but should preferably also be of a 
suffi  ciently tutorial or review nature to be of interest to a 
wide range of radio scientists. The Radio Science Bulletin 
is indexed and abstracted by INSPEC.

Scientific papers are subjected to peer review. 
The content should be original and should not duplicate 
information or material that has been previously published 
(if use is made of previously published material, this must 
be identifi ed to the Editor at the time of submission). 
Submission of a manuscript constitutes an implicit statement 
by the author(s) that it has not been submitted, accepted for 
publication, published, or copyrighted elsewhere, unless 
stated diff erently by the author(s) at time of submission. 
Accepted material will not be returned unless requested by 
the author(s) at time of submission.

Submissions

Material submitted for publication in the scientifi c 
section of the Bulletin should be addressed to the Editor, 
whereas administrative material is handled directly with the 
Secretariat. Submission in electronic format according to 
the instructions below is preferred. There are typically no 
page charges for contributions following the guidelines. 
No free reprints are provided.

Style and Format

There are no set limits on the length of papers, but they 
typically range from three to 15 published pages including 
fi gures. The offi  cial languages of URSI are French and 
English: contributions in either language are acceptable. 
No specifi c style for the manuscript is required as the fi nal 
layout of the material is done by the URSI Secretariat. 
Manuscripts should generally be prepared in one column 
for printing on one side of the paper, with as little use 
of automatic formatting features of word processors as 
possible. A complete style guide for the Reviews of Radio 
Science can be downloaded from http://www.ips.gov.au/
IPSHosted/NCRS/reviews/. The style instructions in this 
can be followed for all other Bulletin contributions, as well. 
The name, affi  liation, address, telephone and fax numbers, 
and e-mail address for all authors must be included with 

All papers accepted for publication are subject to 
editing to provide uniformity of style and clarity of language. 
The publication schedule does not usually permit providing 
galleys to the author.

Figure captions should be on a separate page in proper 
style; see the above guide or any issue for examples. All 
lettering on fi gures must be of suffi  cient size to be at least 9 
pt in size after reduction to column width. Each illustration 
should be identifi ed on the back or at the bottom of the sheet 
with the fi gure number and name of author(s). If possible, 
the fi gures should also be provided in electronic format. TIF 
is preferred, although other formats are possible as well: 
please contact the Editor. Electronic versions of fi gures 
must be of suffi  cient resolution to permit good quality in 
print. As a rough guideline, when sized to column width, 
line art should have a minimum resolution of 300 dpi; color 
photographs should have a minimum resolution of 150 dpi 
with a color depth of 24 bits. 72 dpi images intended for 
the Web are generally not acceptable. Contact the Editor 
for further information.

Electronic Submission

A version of Microsoft Word is the preferred format 
for submissions. Submissions in versions of TEX can be 
accepted in some circumstances: please contact the Editor 
before submitting. A paper copy of all electronic submissions 
must be mailed to the Editor, including originals of all fi gures. 
Please do not include fi gures in the same fi le as the text of 
a contribution. Electronic fi les can be send to the Editor 
in three ways: (1) By sending a fl oppy diskette or CD-R; 
(2) By attachment to an e-mail message to the Editor (the 
maximum size for attachments after MIME encoding is 
about 7 MB); (3) By e-mailing the Editor instructions for 
downloading the material from an ftp site. 

Review Process

The review process usually requires about three 
months. Authors may be asked to modify the manuscript 
if it is not accepted in its original form. The elapsed time 
between receipt of a manuscript and publication is usually 
less than twelve months. 

Copyright

Submission of a contribution to the Radio Science 
Bulletin will be interpreted as assignment and release of 
copyright and any and all other rights to the Radio Science 
Press, acting as agent and trustee for URSI. Submission for 
publication implicitly indicates the author(s) agreement with 
such assignment, and certifi cation that publication will not 
violate any other copyrights or other rights associated with 
the submitted material.
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Become An Individual Member of
URSI

The URSI Board of Offi  cers is pleased to announce the establishment of categories of individual 
membership of URSI. The purpose of individual membership of URSI is to secure professional recognition 
of individual radioscientists and to establish their better connection with the URSI Board of Offi  cers, 
Scientifi c Commissions, and URSI Member Committees. Three categories of individual membership 
(URSI Corresponding Member, URSI Senior Member and URSI Fellow) have been established.

URSI Corresponding Membership is the fi rst step into the URSI community and provides:
• Access to the proceedings of URSI Flagship Conferences via the Web site
• Notifi cations of new editions of URSI publications.

In addition, URSI Senior Members and URSI Fellows benefi t from the following:

• Reduced registration fees at URSI Flagship Meetings.
• Reduced registration fees at some meetings organized by partnering organizations such as (but 

not limited to) IEEE AP-S and EuCAP.
•  A page charge reduction from 175 USD to 150 USD for papers published in the URSI journal, 

Radio Science Letters.
• An invitation to receive their individual membership certifi cate at an URSI Flagship meeting.

Fellowship is by invitation only; Senior Membership can be by invitation or application. Corresponding 
Membership is a streamlined, instant process. Details, and an online application for URSI Senior 
Membership, are available at http://www.ursi.org/membership.php#tab-sectionA1.


