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Abstract— The design and simulation of a mm-wave radar
transponder is presented. The transponder is designed to oper-
ate with FMCW-based radars, commonly found in automotive
and other civil applications. In particular, the device is designed
such that it is very agnostic in terms of the radar sensor
waveform details. The transponder can be used for different
purposes, but two main application areas are presented in this
paper: 1. Usage as an artificial target with applications in radar
calibration and 2. Usage to simultaneously localize (using the
radars ordinary functions) a target and receive small packages
of data, similar to RFID, but operating together with mm-wave
FMCW radars.

I. INTRODUCTION

Radars are becoming more and more ubiquitous in civil
applications. This is in particular driven by the develop-
ment in the automotive industry, where radar sensors (RS)
based on the frequency modulated continuous wave (FMCW)
technology are dominating [1]. In this paper, we propose
a complementing device that can be used together with
an FMCW-based sensor to both localize a target and in
addition, transmit small packages of data to the sensor.
The device is a transponder operating purely in the mm-
wave domain with minimal assumptions about the FMCW
waveform. A sketch of the device’s core functionality is
depicted in figure 1. The device consists of two antennas
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Fig. 1. Description of the overall transponder functionality and architecture.
R denote the radar and T the transponder.

connected to an amplifier and a device that can attenuate
and/or phase shift the signal. Using this scheme, amplitude
modulation and phase modulation can be achieved.
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Other similar work has been presented. In [2] a semi-
passive device operating at 60 Ghz was considered and in
[3] a diode-based phase modulated device was considered. In
[4] a transponder-reader operating at 2.4 Ghz was presented.

This paper is divided in sections where the design is
described section II. Section III discuss applications and
section IV concludes the paper.

II. DESIGN

A. Channel capacity analysis and power budget calculations

Without loss of generality, in this analysis, the following
FMCW RS architecture is assumed: The RS transmit a
continuous wave (CW), at frequency fLO, that is swept
between two frequencies, f0 and f1 linearly in a time interval
ts. Thus,

df

dt
=
f1 − f0
ts

, t = 0..ts.

After the sweep, the frequency is instantaneously set to f0
and the sweep is repeated a number of times, ns. The total
duration of the FMCW pulse is

tp = nsts.

At the receiver, the radar sensor amplifies and then
immediately down-convert the received signal to baseband
using fLO. At baseband the signal is sampled with sampling
frequency fADC.

With this architecture, to avoid aliasing, the maximum
unambiguous distance to target is

smax =
fADCtsc

4(f1 − f0)
,

where c is the speed of light.
A common configuration is to use a sampling frequency

fADC ∼ 20 MHz. This is thus the baseband bandwidth
available for communication. At RF the band is located
around fLO, which is changing rapidly with time. The
latest generation radar sensor use in-phase quadrature (IQ)
sampling, but this has not been the case with previous
generation of sensors. To retain the capability for the RS
to also localize the target, only a fraction of this bandwidth
should be utilized to not distort the signal too much.

The transmit (Tx) power of a 77 GHz RS is in the range
of 15 dBm and for many application it is desirable to obtain
a link that can transmit 100-300 bits of data.

Since the duty cycle of a single RS is usually less than
10%, it is important to fit the whole data frame within
a single pulse. Further, no assumptions of synchronization
between the radar sensor and the transponder should be
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Fig. 2. Transponder transmission scheme and frame structure in relation
to the radar waveform. Note that the total duration of a transponder frame
is less than the duration of the radar pulse. Also note that the second
transponder frame starts immediately after the first one has finished.

needed. With these design criteria, it was decided to utilize
a scheme where a complete frame should have a duration
tf < tp and the transponder should continuously transmit,
as illustrated in figure 2. Since the data in the transponder is
the same in every frame, it is enough for the radar decoder
to be able to locate the frame start to be able to decode the
full frame, independently of where in time it starts relative
to the radar pulse. Thus, the only assumption made on the
radar waveform is its duration, and that it is longer than the
frame duration.

The gain in the transponder low noise amplifier (LNA) is
limited by two main factors: 1. Desired power consumption
of the device. 2. Isolation between receive (Rx) and Tx in
the transponder antennas. The total power consumption of
the transponder is completely dominated by the LNA power
consumption. The isolation between the antennas needs to
be larger than the LNA gain to guarantee a stable device.
20 dB isolation is very easy to achieve in a real device, see
later in the paper, and is the figure used in our design.

Using free space path loss

FSPL =

(
λ

2πs

)2

for the channel attenuation, depending of the gain of the radar
and transponder antennas and the gain of the transponder
LNA, the channel capacity becomes around 1 kbit/5 ms for
a distance of 20-100 m. 5 ms is a common FMCW radar
pulse duration. Hence with these parameters, the system is
operating with enough margin to capacity to achieve stable
decoding.

B. Multiple access

In the design scheme, it is important to allow multiple
access since it is highly likely that several RS will be present
simultaneously to read out data from the transponder. In
addition, the detailed waveform of the RS is generally not
know, and the transponder should put minimal requirements
on it. By operating solely in RF domain and below saturation
of the amplifier, any number of radar pulses can propagate
through the system in superposition and hence allow for
multiple access.

Further, it is highly likely that different RS are localized
in different directions form the transponder. To reduce in-

Fig. 3. Range-Doppler map of the simulated transponder target.

terference and improve the link budget, a van Atta array
can be utilized [5]. This architecture require one transceiver
chain for each van Atta branch, increasing system complexity
and power consumption, but it allows for radar pulses with
different angle of arrival to be beamformed back with the
same angle of departure as the angle of arrival.

C. Transponder signal detector design

From the modulation, the transponder target gets a par-
ticular signature in the range-Doppler map. This is depicted
in figure 3. Since the symbol times is of the same order as
the sweep length and the data transmitted on each sweep is
different, the spectrum is spread over all Doppler frequencies
and neighbor Range bins. This very uniques signature can
be used by an RS receiver that is aware of transponders to
separate a transponder from other objects. For any other RS,
a transponder will look like a very strange target, localized
in range, but with an undefined radial velocity. The fact
that the transponder target can be detected in frequency
domain greatly simplifies the receiver and decoder design
since it will allow the receiver to only perform the inverse
Fourier transforms on confirmed transponder targets, greatly
reducing the computational burden on the receiver. Moreover,
common objects, unexpected transponders and interference
from other Range bins can be removed automatically after
inverse Fourier transforms which helps to get a much higher
SINR. In time domain, the signal can then be decoded with
lower error rate.

Even if the transponder signal spreads out over all Doppler
bins close to the range of the transponder, the power is much
weaker than ordinary targets except for the range-Doppler
bins the transponder belongs to. For an RS which is aware
of the transponders and wants to detect a transponder and
decode the data, it can detect those weak detections through
lowering the threshold. This is depicted in figure 4. It is
easily to see that the transponder is ∼ 28 m away from the
RS. There are additional methods to separate transponder
signals from ordinary targets, through power distribution in
Doppler domain for example.



Fig. 4. Detections on Range-Doppler of the simulated transponder target.

D. Prototype development

A prototype is under development. It is described in this
section.

1) Antenna and microwave design: The prototype uses
a GaAs low noise amplifier with 15 dB gain to boost the
radar signal, followed by a variable attenuator. The switching
of the attenuator produces the amplitude modulation of the
radar signal. The prototype transponder uses planer micro-
strip patch antenna elements. Figure 5 shows the design of
the planner antenna used in the prototype transponder. Two
columns of linear arrays of micro-strip patch antennas, with
power combiner, are used for both transmit and receive side.
Figure 6 shows the simulated performance of the antenna
array in E and H plane.

Since the radar signal is amplified before modulating and
retransmitting, it is important to have sufficient isolation
between the transmit and receive side. The isolation can be
easily achieved by choosing appropriate distance between the
antennas. Figure 7 shows the isolation between Tx and Rx
side as a function of distance. Since the LNA has 15 dB
gain, an isolation of 35 dB between the antenna ports would
ensure that the isolation between the incoming radar signal
and modulated (retransmitted) signal would be at least 20
dB.

2) Coding and modulation choices: Designing the system
so that it does not require any synchronization between
the RS and the transponder is highly desirable. Not only
to reduce requirements on functionality of the RS and
transponder, but also to allow multiple access as described
above.

To detect the frame boundary and symbol length of the
transponder, the frame is divided into two subframes (I and
II). Each subframe consists of a preamble followed by a
data set. With this construction, for each frame, the RS
can detect at least 2 preambles. Each subframe consist of
different number of symbols, making it easy for the RS to
determine the order of the subframes.

The preamble sequence is chosen to be orthogonal to the
data sequence, making it easy to find by a matched filter. The

Fig. 5. Planner antenna design

Fig. 6. Planner antenna, simulated radiation pattern.

Fig. 7. Planner antenna, isolation between Tx and Rx.



orthogonality is guaranteed by defining the length of a data
symbol double the length of a preamble symbol. To achieve
a reliable communication and transmit similar number of 1s
and 0s for each frame (even sweep), CRC, Convolution code,
interleaving and scrambling is used.

III. APPLICATIONS

A. Artificial radar target

A common problem for civil radar production is the
calibration of the sensor. Since civil radars, in particular in
the automotive segment, are very cost sensitive, a lengthy or
expensive calibration can significantly influence the cost of
the sensor.

Typically, corner reflectors are used to calibrate a sensor.
However, these are difficult to distinguish from clutter for a
RS in a production environment, which is not an anechoic
environment. Thus, by giving the reflected radar pulse a
unique characteristics, a simple software-based dedicated
calibration detector can be used in the sensor to lock on
the transponder target and thus distinguish it from clutter.
As can be seen in figure 3, the reflected signal from the
transponder is visible in the whole Doppler domain which
is easy to distinguish from ordinary stationary clutter. The
broadening of the pulse in Doppler can be understood from
that the symbol length, ts is similar to the sweep length of
the FMCW sweep. Hence, the frequency spread, fs, will be
of the order

fs ∼
1

ts
.

Since the data sequence transmitted by the transponder
can be chosen arbitrarily, several transponders can be used si-
multaneously with quasi-orthogonal data patterns transmitted
from the different transponders. This way, calibration time
can be significantly reduced. This is a kind of code division
scheme where different codes are used to separate/resolve
different angles.

B. Simultaneous localization and data transmission

The transponder can be used as an RFID tag that can
be read off at a distance simultaneously as it is localized
using the radar sensor. This application can be used in
multiple automotive scenarios, to use the RS to position a
vehicle absolutely in spaces where GNSS reception is not
available. In these kind of applications, it is important that
the modulation does not impact the RS ability to localize the
target. This was investigated by varying the off-state power
level from the modulation. From the simulation results,
depicted in figure 8, interestingly for a noise limited scenario,
off-power offset does not impact the range error. However,
the BER is dependent on the off power offset.

IV. CONCLUSION AND OUTLOOK

This paper describe the design and simulation of a
transponder to use together with FMCW-based radar sen-
sors. Two applications were described and impairments on
localization due to transponder modulation was investigated.

Fig. 8. Bit error rate and Range error. The x-axis shows off-power in dB
relative to on-power.

The work described in this paper is coved by a number of
patent applications held by Qamcom Research and Technol-
ogy. A transponder prototype is under development. A very
primitive device was already made to verify the concept. The
next step is to produce a functional device and develop the
detector and decoder in Qamcoms real-time RS.
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