
HAL Id: hal-04264535
https://hal.science/hal-04264535v1

Submitted on 30 Oct 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Combined Pulse Data Transmission and Indoor
Localization Using 60-GHz-UWB MMIC Technology
Christophe Loyez, Michael Bocquet, Nathalie Rolland, Kamel Haddadi

To cite this version:
Christophe Loyez, Michael Bocquet, Nathalie Rolland, Kamel Haddadi. Combined Pulse Data Trans-
mission and Indoor Localization Using 60-GHz-UWB MMIC Technology. IEEE Open Journal of
Instrumentation and Measurement, 2023, 2, pp.1-7. �10.1109/OJIM.2023.3287251�. �hal-04264535�

https://hal.science/hal-04264535v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Received 18 April 2023; revised 18 May 2023; accepted 22 May 2023. Date of publication 10 July 2023; date of current version 1 August 2023.
The review of this paper was arranged by Associate Editor Reza Zoughi.

Digital Object Identifier 10.1109/OJIM.2023.3287251

Combined Pulse Data Transmission and Indoor
Localization Using 60-GHz-UWB MMIC Technology

CHRISTOPHE LOYEZ 1,2 (Member, IEEE), MICHAEL BOCQUET 1,2, NATHALIE ROLLAND 1,2,
AND KAMEL HADDADI 1,2 (Member, IEEE)

1Institut d’Electronique, de Microélectronique et de Nanotechnologies, Université de Lille, CNRS, Université Polytechnique Hauts-de-France,
UMR 8520-IEMN, 59000 Lille, France

2IRCICA, USR CNRS 3380, 59652 Villeneuve-d’Ascq, France

CORRESPONDING AUTHOR: K. HADDADI (e-mail: kamel.haddadi@ieee.org)

ABSTRACT This article presents a pulse radio transmission system operating in the millimeter-wave
regime for simultaneous binary information transmission and location in an intrabuilding environment.
In particular, the location solution mutualizes the hardware architectures of three sensors of known
position to extract the location information of a sensor entering their vicinity and, thus, uses the radio
communication signals to extract this location information. Experimental validation considering the 60-
GHz transceiver designed and realized on pseudomorphic high electron mobility transistor (pHEMT)
technology is exemplary shown with localization error quantified to 16 cm.

INDEX TERMS Impulse system, millimeter wave, pseudomorphic high electron mobility transistor
(pHEMT), time difference of arrival (TDOA), ultrawide band (UWB).

I. INTRODUCTION

LOCATION devices are becoming more and more
common in our daily environment with different

performance requirements depending on the application [1],
[2], [3], [4], [5]. Location can be a mechanism to optimize
network connectivity while minimizing the energy con-
sumed by the network sensors. Global positioning system
(GPS)-type solutions meet most of these requirements but
suffer from a loss of efficiency in intrabuilding environ-
ments. The deployment of specific infrastructures for the
location function in an intrabuilding environment remains
limited. The development of radio communication systems
brings innovations that allow reliable communications while
being mobile. In these mobile ad hoc networks (MANETS),
network connectivity is one of the key requirements for
quality communication [6]. In many cases, the information
routing protocols are based on the location information
of the access points as well as the mobile terminals. In
this context, communication and location functionalities are
expected to be increasingly intertwined. With the advent of
devices that combine different functionalities, we [7], [8],
[9], [10] and others [11], [12], [13], [14] have contributed

to the implementation of this intrabuilding location without
requiring heavy infrastructures.
The study described in this article is in line with the

growing need for interoperable systems capable of pro-
viding several radio-frequency functions simultaneously for
intrabuilding communication and location applications. The
location process avoids the use of the beacon that requires
infrastructure deployment. In particular, dedicated sensors of
the ad hoc network assume themselves the role of spatial
references. Thus, no specific infrastructure is required for
this new solution. Moreover, the location process allows to
extract the location information directly from the pulse sig-
nal on which the binary information is grafted. The system
architecture thus makes it possible to simultaneously ensure
the functions of communication and location. In contrast
with commercial systems based on relatively complex mod-
ulation schemes, we developed a binary transceiver that has
the best compromise between data rate and positioning accu-
racy. In particular, the ratio On/Off is related to two states:
1) transmission of the signal and 2) no transmission. The
ON–OFF keying (OOK) modulation used during transmis-
sion is carried out in a direct modulation mode: the binary

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME 2, 2023 8000307

HTTPS://ORCID.ORG/0000-0001-6882-7993
HTTPS://ORCID.ORG/0000-0003-2061-1514
HTTPS://ORCID.ORG/0000-0003-2867-9820
HTTPS://ORCID.ORG/0000-0002-4857-5220


LOYEZ et al.: COMBINED PULSE DATA TRANSMISSION AND INDOOR LOCALIZATION

information signal is used to power or not the entire trans-
mitter device, including the oscillator. This gives a very
high On/Off ratio compared to transmitters using external
modulation. In addition, in conventional architectures, all
three sensors are connected using external wiring. In the
proposed architecture, two of the sensors received the source
signal and repeat it through a second emitting antenna: their
specific task is to record the input signal and transmit it
to the third sensor. This latter receives both source signal
and those emitted by each of the other sensor. This versatile
architecture allows to consider a wide range of experimental
scenarios with different X and Y positions of the sensors. It
has to be mentioned that this technique requires the exact
spatial knowledge of the three sensors.
The synthesis of the results of this study is divided in

three sections. Section II describes the pulse data transmis-
sion system that has been realized as well as its performance
and characteristics. Section III details how the localization
functionality is implemented in the architecture of the radio
communication system. Section IV deals with the experi-
mentally established results and makes the assessment on
the system constraints presented in the previous sections.

II. MILLIMETRE-WAVE UWB TRANSCEIVER
This millimeter-wave transceiver is designed to transmit
ultrawide band (UWB) impulse signals with pulse width
in the range of 300–400 ps. The novelty of the proposed
approach concerns the energy that is consumed only dur-
ing the transmission of frequency up-converted pulses at
60 GHz. The 60-GHz frequency band is chosen because
of its vast amount of spectral resources which are not
regulated to −41 dBm/MHz such as for the conventional
UWB frequency band [15]. Another advantage of the 60-
GHz frequency band is the size reduction of the antennas
and of the overall system [16]. The monolithic microwave-
integrated circuit (MMIC) technology employed is based on
pseudomorphic high electron mobility transistors (pHEMTs)
with transition frequencies fT up to 120 GHz. Transmission
lines and stubs are designed in microstrip technology. The
MMIC chip is connected to an external alumina microstrip
line ended by a coaxial V-band patch antenna having a 60◦
beamwidth. The antenna has not been integrated to limit the
MMIC size.

A. MILLIMETRE-WAVE RF TRANSMITTER
The architecture of the Tx transmitter consists essentially of
a voltage-controlled oscillator (VCO) associated to a medium
power amplifier (MPA) as described in Fig. 1. The oscillator
is designed on the basis of a negative differential resistance
(NDR). This NDR is achieved by means of a normally-on
transistor (labeled N1 on Fig. 1). To make it unstable in the
frequency range around 60 GHz, this 4 × 65 μm2 transistor
is fed back through the gate using a 600-μm stub ended by
a short circuit. In this configuration, the impedance seen by
the source access of N1 is close to an open circuit which
fulfils the oscillation conditions when the voltage VS1 equals

FIGURE 1. 60-GHz Tx schematic.

0.65 V. The average signal power delivered by this oscillator
is slightly above 0 dBm. Following the NDR, a two-stage
MPA is cascaded: the first stage has two roles. First, it acts
as a buffer that reduces the pulling effect that the NDR could
suffer. This buffer consists of the N2 transistor mounted as
a common source. Its role is to optimize the power of the
signal delivered by the NDR under load conditions close to
50 � at the frequency of 60 GHz. The matching network
consists of a transmission line backed by a stub ended by
an open circuit. The design of these matching networks also
aims to boost the power gain of the overall.
The actuation of the RDN oscillator is performed by

impulse signals applied to the gate access of the N1 tran-
sistor. The impulse signals are provided by an integrated
generator: the main principle of this pulse generator is based
on a fast XOR gate associated with a capacitive element
inducing the expected delay. As depicted in Fig. 1, the clock
signal is connected directly to one of the inputs of the XOR

gate. The delayed clock signal is applied to the second port:
the delay results from the capacitance C0 of a varactor diode
whose capacitance value is tunable by a supply voltage. By
the way, this topology enables to tune the pulse width. The
pulse repetition depends on the clock frequency and can be
adapted in the typical range 330 ps–1 μs.

In the use case presented, the pulses perform a direct
amplitude modulation of the millimeter waveform by inhibit-
ing or not the NDR oscillator operation depending on
whether or not a pulse is generated. Because it is based
on an amplitude modulation technique, this transmitter can
perfectly well make do with a local oscillator with degraded
phase noise properties. Thus, this amplitude modulation
causes a frequency upconversion of the pulse signals deliv-
ered by the integrated generator. The clock signal feeds the
oscillator only when a “1” symbol is transmitted: depend-
ing on the clock frequency, a greater or lesser number of
pulses will be transmitted, depending on the symbol dura-
tion. No pulse is transmitted in the case of a “0” symbol
because the clock signal is inhibited in this case. Thus, the
clock signal triggers pulses only when a 1 symbol is trans-
mitted. The operation which consists in activating a clock
signal only when a symbol 1 contained in a pseudo-random
sequence is transmitted is carried out with the help of the
data timing generator (Tektronix DTG 5334). The maximum
power at the output of the transmitter is equal to 10 dBm.
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FIGURE 2. (a) Waveform signal at the 60-GHz Tx output measured using a Keysight
Infinium DCA-J 86100 Digital Scope (70-GHz bandwidth). (b) Spectrum of the 60-GHz
Tx signal—fo = 60 GHz.

FIGURE 3. MMIC achievement of the TX—Die size: 0.8 x 1.9 mm2.

TABLE 1. List of dc supply voltages.

The measured power added efficiency of the Tx is 3.5%
during the continuous emission of a sinusoidal signal with a
60-GHz center frequency. Fig. 2(a) shows a measured wave-
form of the 60-GHz impulse signals generated by the Tx and
Fig. 2(b) shows the related spectrum.
The frequency bandwidth of the transmitter is equal to

3 GHz so that the pulse width is optimal for the value of
330 ps. The test data rate reaches up to 100 Mbits/s. A
micrograph of this transmitter is shown in Fig. 3 and the
TX specifications are summarized in Tables 1 and 2.

B. 60-GHZ RECEIVER
The 60-GHz reception chain described Fig. 4 is based on
the quadratic detection of the propagated signals. Thus, the

TABLE 2. List of transistor widths (in µm) and capacitor values.

FIGURE 4. Micrograph of the 60-GHz LNA (1 × 3 mm2).

FIGURE 5. 60-GHz receiver architecture.

phase noise of the local oscillator does not affect the integrity
of the communication This also minimizes the number of
components involved in the receiver. Indeed, the front-end
of the receiver only includes a chain of low noise amplifiers
(LNAs) followed by an envelope detector. The architecture
of the LNA is based on a cascading of transistors mounted
in a common source. The matching networks between the
different stages are optimized to extract an optimal compro-
mise between the gain, noise, and stability of the amplifier
and its footprint. Indeed, this last point remains crucial if one
wishes to cascade several of these amplifiers without causing
parasitic oscillations in the reception chain. This is all the
more difficult to achieve, as the receiving antenna does not
have an impedance of 50 Ohm in the whole frequency band
for which the amplifier has a gain greater than 1. In order
to be able to cascade these amplifiers during a transfer to a
ceramic box, a fine analysis of the stability was carried out
on the basis of the normalized determinant function (NDF)
method [17].
The five stages of this LNA are composed by a pHEMT

mounted as a common source with a 4 × 15 um gate width.
It provides a power gain of 27 dB over the 57–60-GHz
frequency band. The noise figure of this amplifier was mea-
sured at 60 GHz, for which it has a value of 5.2 dB. After
this low noise amplification, the envelope of the amplified
signal is obtained by detection. This envelope separation
operation involves a RF detector [9] with a sensitivity of
1.6 mV per μW at 60 GHz.

The global architecture of the receiver is depicted in
Fig. 5.

C. EXPERIMENTAL RESULTS IN COMMUNICATION
RELIABILITY
The downside of such a simplified architecture is that it
only allows the use of weak energy-efficient modulation
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FIGURE 6. Eye diagram of the received signal after filtering (D = 100 Mpbs—duty
cycle = 50% – range = 5 m).

FIGURE 7. BER as a function of the SNR (D = 100 Mb/s).

schemes such as OOK. However, it remains compatible with
radio transmissions over distances of a few meters, typical of
communications in indoor environments. In order to validate
the link reliability, a data transmission is achieved using an
OOK modulation scheme with a data rate of 100 Mbit/s.
The test bench is composed by the transmitter and receiver
described in the previous section. For a range of 5 m, the
eye diagram is recorded using a Keysight Infinium scope
DSO1204A and shown in Fig. 6.
Using a logic analysis system (Keysight 16903A), the

bit error rate (BER) of the transmitted signals is measured
offline as a function of the signal-to-noise ratio (SNR).
By tuning the Tx power, the BER of the transmitted signal

is evaluated as a function of SNR as described in Fig. 7.
Although the OOK modulation scheme has a lower energy
efficiency, the hardware configuration of the developed solu-
tion enables to reach BER of the order of 10−4 for a SNR of
13 dB that relates to a transmission range of approximately
10 m with respect to the system parameters.

III. DISTRIBUTED LOCALIZATION DEVICES
A. MEASUREMENT PRINCIPLE
The various communicating objects equipped with this
transceiver can thus communicate between them different
types of digital data, whether they are dedicated to the pay-
load or to the routing protocols, including information about
their location.
The context of our study consists of a mesh network

of cooperative wireless sensors. Among them, three sen-
sors called anchors mutualize their hardware architectures in
order to estimate the location of the transmitter (Tx) arriving

FIGURE 8. Illustration of the global location scenario.

in the localization area. These three anchors, labeled A1, A2,
and A3, work in pairs. By organizing the three sensors into
pairs, it is possible to extract two time difference-of-arrival
(TDOA) values. The main anchor (labeled A1 in Fig. 8) is
common to both pairs (A1;A2) and (A1;A3). Each of the
pairs is used to determine a (TDOA1 and TDOA2, respec-
tively). The set of possible source locations for each TDOA
value corresponds geometrically to a hyperbola. The Tx loca-
tion is estimated by the intersection of two hyperbolas, each
related to one of the measured TDOA values.
One of the anchors (A2 or A3 in turn) acts as a repeater,

relaying the pulse signal from the source to be located to
the master anchor A1. Then, the master receives both source
signal and those emitted by each of the sensor A2 and A3.
As the locations of the anchors are known, the travel time
between each anchor can be determined and subtracted from
the TDOA measured using a digital scope. As the pulse
signal retransmitted by a repeater has a power in the order
of 10 dBm, it has been found that reflected signals (parasitic
signals) remain at much lower amplitudes.
The overall topology is described in Fig. 8: the transmitter,

whose location is to be estimated, enters the direct path of
the other sensors by emitting pulsed signals at 60 GHz as
described above. These signals are then received by A1, A2,
and A3. As mentioned previously, only one anchor A2 then
A3 repeats the signals to the master anchor A1.
Potentially, the location accuracy depends closely on the

pulse width but also on the distance between the two
antennas collecting the signals involved in the TDOA mea-
surement. At a minimum, this distance called the baseline
must be greater than the product c.T (i.e., 10 cm) where
T corresponds to the pulse width (T=330 ps). In order to
prevent the phenomenon of geometric dilution of the local-
ization precision (Fig. 9), it is recommended to consider a
baseline value as large as possible, usually at least ten times
the minimum value (i.e., 1 m). The possibility of relaying
the pulse signal via a repeater is an advantage for fulfilling
this requirement without using cables.
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FIGURE 9. Illustration of the estimated location from the intersection of the
hyperbolas corresponding to the TDOA values. (a) Baseline = 10 cm. (b) Baseline =
1 m.

B. THEORY
The system of equations modeling the possible solutions of
the Tx location as a function of the TDOA1 and TDOA2
values can be solved using the Chan approach [18]. If we
consider R1, R2, and R3 the respective distances between the
location A (X, Y) of the Tx to be estimated and the anchors
A1 (X1, Y1), A2 (X2, Y2), and A3 (X3, Y3) involved in the
location process, the estimated coordinates (X,Y) of Tx are
obtained by solving (1)–(3)

[
X
Y

]
= −

[
X2,1 Y2,1
X3,1 Y3,1

]−1

∗
{[
R2,1
R3,1

]
R1 + 1

2

[
R2

2,1 − K2 + K1

R2
3,1 − K3 + K1

]}
(1)

with

Ri,1
2 + Ri,1R1 = Ki − K1 − 2Xi,1X − 2Zi,1Z (2)

R1 = R1(X,Y) =
[
(X1 − X)2 + (Y1 − Y)2

]
1/2

(3)

where

K1 = X1
2 + Y1

2 + Z1
2, K2 = X2

2 + Y2
2 + Z2

2,

K3 = X3
2 + Y3

2 + Z3
2,

X2,1 = X2 − X1, X3,1 = X3 − X1, Y2,1 = Y2 − Y1,

Y3,1 = Y3 − Y1

and R2,1 = TDOA1.c, R3,1 = TDOA2.c.

C. EXPERIMENTAL RESULTS
The location process described above is submitted to exper-
imental validation in an indoor environment consisting of a
room of dimensions 7 × 5 m2, furnished with metal and
wood cabinets and furniture. The three anchors forming an
orthogonal frame of reference are placed in the room in
such a way as to direct their antennas toward the whole
room in which the location of the Tx source will evolve. In
a first configuration, the three sensors are arranged equidis-
tantly on two perpendicular axes as shown in Fig. 8. Thus,
we performed the first measurements considering baselines
of values equal to 3 m for the different pairs. As can
be seen from the results shown in Fig. 10, the location

FIGURE 10. Location error (m) versus radial distance.

FIGURE 11. Illustration of the environment (room size = 5 × 7 × 2.5 m3) listing
locations considered for the experimental evaluation.

error tends to deteriorate with the increase of the radial
distance.
In such an experimental setup, the location error is mainly

driven by the pulse width (330 ps) which is translated by
a minimum spatial error of 10 cm. The sampling frequency
of the analyzed signal is also a key parameter: at 10 giga-
samples per second, the sampling step is 100 ps, which
corresponds to an additional step difference of more than
3 cm that weight the localization error. These results remain
unchanged whether the OOK modulation is active or not.
Indeed, the principle of TDOA is transparent whether the
pulses are periodic or not. These results validate the simul-
taneous multifunctionality of the solution developed in this
study since the location process is performed from the
impulse signal carrying the binary data.
The measurement environment is a furnished room (5 ×

7 × 2.5 m3) comprises mainly five tables (wood) with 12
chairs (metals) with conventional computers (screens, key-
boards, . . . ). The walls are in plywood. In order to examine
the performance of the developed device in a more realis-
tic way, the locations of both the source and the anchors
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FIGURE 12. Photograph of an anchor including Tx/Rx modules.

FIGURE 13. Distribution function of the experimental location errors.

are then modified to successively cover the different areas
of the room. Fig. 11 shows the configuration of the room
used for the measurements with the locations taken into
consideration for the different sensors. A photograph of an
anchor including the modules Tx/Rx is presented Fig. 12.
For each configuration tested, each anchor occupies one of
26 possible locations. The source to be located then occu-
pies successively the 23 remaining locations. Once the 23
estimates are made, the locations of the three anchors are
then modified. This leads to a large number of measurements
since 26 locations are listed homogeneously in this room.
As mentioned earlier, patch antennas with a 3-dB aperture

of the order of +/− 60◦ are used. During TDOA measure-
ments, the antennas of the transmitter to be located and those
of the sensors are facing each other in order to ensure a radio
link under line of sight conditions. More than 400 config-
urations are thus considered for TDOA measurements: for
each of them, the localization error is experimentally deter-
mined. To synthesize these results, their distribution function
is shown in Fig. 13. This distribution can be approximated
by a Gaussian function with a mean value of 16 cm and a
standard deviation of 5.5 cm
These experimental results demonstrate that the location

error is mostly close to the spatial resolution associated
with the 330-ps pulse width, i.e., 10 cm. The sampling

frequency of the analyzed signals is a parameter that also
affects the location performance. Typically, the location error
remains within a bound corresponding to twice this mini-
mum observed value. The disadvantage remains the need
to sample these pulses after detection, which requires fast
samplers.

IV. CONCLUSION
To address the growing need of compact devices for commu-
nication and location in an indoor environment, an integrated
dedicated pulse radio transmission system has been designed
and fabricated in monolithic integrated technology. To
achieve a high compact solution, UWB signals are trans-
posed to the millimeter-wave regime at 60 GHz. The chip
can address simultaneous binary information transmission
and location in intrabuilding environment with measurement
error of 16 cm, quantified through more than 400 experi-
mental configurations considered for TDOA measurements.
The impact of the Z-position of the Tx on the location error
is relatively small if the Z-position varies within one meter.
This has been verified qualitatively, but quantitative data has
not been extracted as it is beyond the scope of this pro-
cedure. In particular, we verified that the error is greatly
reduced when the anchors are spaced further apart.
Such a system can work with more fix anchors. Even if the

scalability has not been the main objective of this preliminary
work, one perspective will be to study the scalability in
regard with the additional complexity of the overall solution
and related performance (location accuracy, full spatial 2-D
or 3-D coverage, . . . ).
Regarding the frequency, around 60 GHz, line of sight is

indeed the predominant signal for which no specific prob-
lems have been encountered. Indeed, if there is an obstruc-
tion, more sensors can be definitively useful. Regarding the
algorithm modification, the analytical modeling considered
two pairs of TDOA and, consequently, the direct and sim-
plest idea should be directed toward the use of the same
algorithm but with different anchors.

REFERENCES
[1] S. Sadowski and P. Spachos, “RSSI-based indoor localization with

the Internet of Things,” IEEE Access, vol. 6, pp. 30149–30161, 2018,
doi: 10.1109/ACCESS.2018.2843325.

[2] Z. Abu-Shaban, H. Wymeersch, T. Abhayapala, and
G. Seco-Granados, “Single-Anchor two-way localization bounds for
5G mmWave systems,” IEEE Trans. Veh. Technol., vol. 69, no. 6,
pp. 6388–6400, Jun. 2020.

[3] J. Palacios, G. Bielsa, P. Casari, and J. Widmer, “Single- and multiple-
access point indoor localization for millimeter-wave networks,” IEEE
Trans. Wireless Commun., vol. 18, no. 3, pp. 1927–1942, Mar. 2019.

[4] E. Grossi, M. Lops, and L. Venturino, “Adaptive detection and local-
ization exploiting the IEEE 802.11ad standard,” IEEE Trans. Wireless
Commun., vol. 19, no. 7, pp. 4394–4407, Jul. 2020.

[5] G. Lee, H. Koh, U.-S. Suh, and T. W. Kim, “An IR-UWB angle-
of-arrival sensor IC using auto-toggled time-to-digital converter,”
IEEE Microw. Wireless Compon. Lett., vol. 29, no. 11, pp. 749–752,
Nov. 2019.

[6] M. Tubaishat and S. Madria, “Sensor networks: An overview,”
IEEE Potentials, vol. 22, no. 2, pp. 20–23, Apr./May 2003,
doi: 10.1109/MP.2003.1197877.

8000307 VOLUME 2, 2023

http://dx.doi.org/10.1109/ACCESS.2018.2843325
http://dx.doi.org/10.1109/MP.2003.1197877


[7] C. Loyez, M. Bocquet, and K. Haddadi, “Six-port technol-
ogy for 5G millimeter-wave localization systems,” in Proc.
Int. Conf. Electromagn. Adv. Appl. (ICEAA), 2018, pp. 272–275,
doi: 10.1109/ICEAA.2018.8520353.

[8] C. Loyez, M. Bocquet, and K. Haddadi, “A 60-GHz six-port
system for localization based on time difference of arrival,”
in Proc. IEEE Radio Wireless Symp. (RWS), 2019, pp. 1–4,
doi: 10.1109/RWS.2019.8714390.

[9] M. Bocquet, C. Loyez, and K. Haddadi, “Quadratic detection-based
millimeter-wave MMIC for TDoA and AoA measurement,” in Proc.
Int. Conf. Electromagn. Adv. Appl. (ICEAA), 2021, pp. 321–324,
doi: 10.1109/ICEAA52647.2021.9539767.

[10] C. Loyez, M. Bocquet, and K. Haddadi, “MMIC vec-
tor topology enabling multi RF functionalities for 5G and
beyond,” IEEE Access, vol. 9, pp. 114418–114427, 2021,
doi: 10.1109/ACCESS.2021.3098179.

[11] J. Xia, C. L. Law, Y. Zhou, and K. S. Koh, “3–5 GHz
UWB impulse radio transmitter and receiver MMIC optimized
for long range precision wireless sensor networks,” IEEE Trans.
Microw. Theory Techn., vol. 58, no. 12, pp. 4040–4051, Dec. 2010,
doi: 10.1109/TMTT.2010.2083682.

[12] G. Fischer, O. Klymenko, D. Martynenko, and H. Luediger, “An
impulse radio UWB transceiver with high-precision TOA measurement
unit,” in Proc. Int. Conf. Indoor Position. Indoor Navig., 2010, pp. 1–8,
doi: 10.1109/IPIN.2010.5647785.

[13] H. Viswanathan and P. E. Mogensen, “Communications in
the 6G era,” IEEE Access, vol. 8, pp. 57063–57074, 2020,
doi: 10.1109/ACCESS.2020.2981745.

[14] C. De Lima et al., “Convergent communication, sensing and local-
ization in 6G systems: An overview of technologies, opportuni-
ties and challenges,” IEEE Access, vol. 9, pp. 26902–26925, 2021,
doi: 10.1109/ACCESS.2021.3053486.

[15] A. F. Molisch, “Ultra-wide-band propagation channels,”
Proc. IEEE, vol. 97, no. 2, pp. 353–371, Feb. 2009,
doi: 10.1109/JPROC.2008.2008836.

[16] M. A. T. Sanduleanu and J. R. Long, “CMOS integrated transceivers
for 60GHz UWB communication,” in Proc. IEEE Int. Conf. Ultra-
Wideband, 2007, pp. 508–513, doi: 10.1109/ICUWB.2007.4380998.

[17] S. Goto et al., “Stability analysis and layout design of an internally
stabilized multi-finger FET for high-power base station amplifiers,”
in IEEE MTT-S Int. Microw. Symp. Dig., vol. 1, 2003, pp. 229–232,
doi: 10.1109/MWSYM.2003.1210922.

[18] Y. T. Chan and K. C. Ho, “A simple and efficient estimator for
hyperbolic location,” IEEE Trans. Signal Process., vol. 42, no. 8,
pp. 1905–1915, Aug. 1994, doi: 10.1109/78.301830.

CHRISTOPHE LOYEZ (Member, IEEE) received
the M.Sc. and Ph.D. degrees from the University
of Lille, Villeneuve-d’Ascq, France, in 1996 and
2000, respectively.

He is the CNRS Research Director of the
Institut d’Electronique, de Microélectronique et
de Nanotechnologies, Université de Lille, CNRS,
Université Polytechnique Hauts-de-France, UMR
8520-IEMN, Lille, France. He has initiated several
multidisciplinary research activities on high-speed
wireless systems and low-power systems for radio-

communication and localization. He is regularly the Scientist in charge of
projects on millimeter-wave systems and integrated RF systems. He has
been accredited to Direct Research (HDR) since 2012 and is the Thesis
Supervisor on energy efficiency systems. Since 2015, he has been the Leader
of the Circuits & Systems for Applications of Microwaves Research Group,
composed of more than ten researchers, whose research activities concern
the energy efficiency of transmission and information processing systems.
A member of the organizing committee of the French chapter of the IEEE
Solid State Circuit, he is also a Co-Leader of the joint laboratory e-COST
“Enhanced Communication Devices for Smart Cities and Transports,” which
brings together more than 20 researchers from IEMN and the Gustave Eiffel
University, Champs-sur-Marne, France, on topics related to smart cities and
transport.

MICHAEL BOCQUET received the Ph.D. degree
in electronics engineering and telecommunications
from the University of Sciences and Technologies,
Lille, France, in 2007.

He worked as a Radio Engineer with INRETS
(currently Gustave Eiffel University), Champs-sur-
Marne, France, in 2008. In 2009, he joined the
Institut d’Electronique, de Microélectronique et
de Nanotechnologies, Université de Lille, CNRS,
Université Polytechnique Hauts-de-France, UMR
8520-IEMN, Lille, France, where he is currently

an Assistant Professor. His main research activities are RF transceivers
for telecommunications, localization systems operating in millimeter-wave
frequency bands, and wireless sensor networks. In this domain, he studied
networks of wireless sensors for the nondestructive test of rails and for the
energy efficiency inside railway vehicle.

NATHALIE ROLLAND received the Engineering
degree in microelectronics from Polytech’Lille,
University of Lille, Villeneuve-d’Ascq, France, in
1986, and the Ph.D. degree in electronics and
the HDR degree from the University of Lille,
Villeneuve-d’Ascq, in 1989 and 2002, respec-
tively.

She is currently a Professor with the Engineer
School Polytech’lille, University of Lille. She
is the Head of the IRCICA CNRS Laboratory
(Research institute on Hardware-software devices

for Advanced Information and communication, CNRS, and University
of Lille). Since 2000, she has been mainly involved in the field of
advanced communication systems for smart object communication and
sensors networks.

KAMEL HADDADI (Member, IEEE) received the
M.S. and Ph.D. degrees from the University of
Lille, Villeneuve-d’Ascq, France, in 2003 and
2007, respectively.

He is currently a Full Professor with the
Institute of Electronics, Microelectronics and
Nanotechnology, joint research unit between the
University of Lille and the CNRS. His research
activities are the development of RF measure-
ment techniques and systems for microwave Non-
Destructive Testing & Evaluation (NDT&E) pur-

poses. The results achieved in this context led to publication of around 100
articles in peer review international papers and conferences.

Prof. Haddadi is a member of the international committees IEEE MTT-S
TC-8 RF Nanotechnology and MTT-S TC-24 MICROWAVE/MM-WAVE
RADAR, SENSING AND ARRAY SYSTEMS, an Associate Editor of IEEE
TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT and a TPC
member in various IEEE conferences.

VOLUME 2, 2023 8000307

http://dx.doi.org/10.1109/ICEAA.2018.8520353
http://dx.doi.org/10.1109/RWS.2019.8714390
http://dx.doi.org/10.1109/ICEAA52647.2021.9539767
http://dx.doi.org/10.1109/ACCESS.2021.3098179
http://dx.doi.org/10.1109/TMTT.2010.2083682
http://dx.doi.org/10.1109/IPIN.2010.5647785
http://dx.doi.org/10.1109/ACCESS.2020.2981745
http://dx.doi.org/10.1109/ACCESS.2021.3053486
http://dx.doi.org/10.1109/JPROC.2008.2008836
http://dx.doi.org/10.1109/ICUWB.2007.4380998
http://dx.doi.org/10.1109/MWSYM.2003.1210922
http://dx.doi.org/10.1109/78.301830


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


