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Abstract—Robotic swarm or multi-agent systems attract in-
creasing attention for extraterrestrial exploration missions,
among others. Control of a swarm requires communication
among agents and accurate knowledge about their position and
orientation. Both can be provided by radio signals exchanged
between the agents. For navigation, round-trip delay (RTD) and
direction-of-arrival (DoA) are informative signal metrics, as they
relate to the relative distances and angles between the agents.
DoA estimation is usually performed using antenna arrays.
Recently, multi-mode antennas (MMAs) have been suggested as
an alternative, but so far only theoretical results exist. This paper
presents measurement results for DoA estimation with a single
MMA mounted on a rover. The median estimation error of 7.2◦

for a moving rover proves the potential of DoA estimation with
an MMA.

I. INTRODUCTION

Autonomous robotic swarm systems, also called multi-agent
systems, are considered for search and rescue [1], environmen-
tal monitoring [2], and extraterrestrial exploration missions [3],
[4]. In comparison to a single robot, a swarm can explore a cer-
tain area faster, more reliable and from different perspectives,
e.g. by ground-based and airborne agents. A swarm system
brings inherent redundancy, failures of individual agents can
be tolerated as long as enough functioning agents are left. For
autonomous operation, where humans only interact with the
swarm system by high-level commands, the swarm needs to
be aware about its own state as well as its surroundings [5].
The swarm thus requires communication among agents and a
reliable navigation solution.

On earth, global navigation satellite system (GNSS) is in
general an option, but reception of the satellite signals could
be blocked or impaired depending on the environment. For
most extra-terrestrial missions, GNSS is not an option. Instead,
signals directly exchanged within the agents of the swarm can
be exploited. A combined swarm communication and navi-
gation system has been investigated in [6]. The collaboration
of agents for the purpose of positioning is called cooperative
positioning. Fundamental limits for cooperative positioning
can be found in [7]. Knowing only the position of the agents is
in general not sufficient. For swarm control, e.g. to achieve a
mission goal while keeping a favorable formation [8], [9], the
orientation of the agents must be known as well. Fundamental

limits for cooperative position and orientation estimation are
investigated in [10], [11] for ideal antenna arrays and in [12]
for multi-mode antennas (MMAs). A recent review regarding
theoretical aspects of cooperative positioning can be found in
[13], and regarding practical aspects in [14].

From a physical layer perspective, the basis for cooperative
positioning is the extraction of position and orientation related
metrics from the received radio signals. The time-of-arrival
(ToA) is proportional to the distance among the agents [15],
but it also contains their clock offset. For non-synchronized
networks, the round-trip delay (RTD) can be measured instead
[16]. Agent orientation is closely linked to the direction-of-
arrival (DoA), which is classically observed using antenna
arrays [17]. Recently, MMAs have been proposed as a new
approach for DoA estimation [18]–[21]. An MMA is based
on the theory of characteristic modes [22], [23] and can be
defined as a multiport antenna, where different characteristic
modes are excited independently. Examples for such antennas
can be found in [24], [25]. DoA estimation with MMAs has
so far been investigated theoretically and in simulations.

In this paper, we show measurement results for DoA esti-
mation with a single MMA, which is integrated into a joint
swarm communication and navigation system. First, we briefly
introduce the physical layer of the system. We then provide
theoretical background for DoA estimation with MMAs. The
swarm communication and navigation system is implemented
as a software-defined radio (SDR), which we proof to be
suitable for DoA estimation by hardware-in-the-loop (HIL)
simulation. As a main result, we present the DoA estimation
performance with an MMA mounted on a rover which drives
along a trajectory. Based on the measurement results, we con-
clude that an MMA is a suitable antenna for DoA estimation
applications, specifically for swarm navigation.

II. SWARM COMMUNICATION AND NAVIGATION SYSTEM

Communication system requirements within a swarm, see
Figure 1, are dictated by distributed algorithms forming the
core of the swarm. Localization, exploration and control
algorithms in general require broadcast communication with
high update rates and low to medium sized packets [26]. The
proposed system uses time-division multiple access (TDMA)
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Fig. 1. Swarm with local frame of agent 1 and the ranges and DoAs with
respect to its neighbors 2 and 3.
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Fig. 2. Self-organizing TDMA scheme and OFDM frame structure with
TDMA guard time (GT) and cyclic prefix (CP).

for medium access control to avoid data packet collisions and
ensure guaranteed update rates. In order to avoid a central
point of failure, the TDMA scheme is designed in a self-
organizing, decentralized manner. The employed modulation
is orthogonal frequency-division multiplexing (OFDM) with
1024 subcarriers and a bandwidth of 25.6 MHz. Further
parameters are detailed in Table I. The TDMA scheme as
well as the packet structure is visualized in Figure 2. Each
TDMA slot starts with a guard time, followed by multiple
OFDM symbols, each with a cylic prefix. The first symbol is
an agent-specific preamble which is used for synchronization
and ToA estimation. The following symbols contain transmit
timestamps and data to be exchanged within the swarm.
The current system is designed for a maximum number of
20 agents, however system parameters are flexible and can
be tailored to specific mission requirements and hardware
constraints. Further details can be found in [26].

The relevant metrics to obtain knowledge about the agent
positions and orientations within a swarm are distances and
relative angles between the agents, see Figure 1. The distance
can be obtained by measuring the ToA of radio signals. By
encoding the transmission time, the time-of-flight (ToF) is
calculated. The agents’ clocks are not synchronized, thus two-
way RTD ranging is employed to cancel out the clock offset.
The estimated ToF is still impaired by drifting clocks during

TABLE I
SWARM COMMUNICATION AND NAVIGATION SYSTEM PARAMETERS.

Parameter Value

Carrier frequency 1.68 GHz

Bandwidth 25.6 MHz

Frame length N 1024 samples

Subcarrier spacing 25 kHz

TDMA round-trip schedule 100 ms

Transmit power 2 dBm
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Fig. 3. Multichannel software-defined radio setup.

the two-way ranging process. To mitigate that, clock offsets
and drifts are filtered using a clock model. A demonstrator of
the envisioned system has been implemented using SDR, see
[26].

The incident angle of a signal in the agent’s local coordinate
frame is called DoA. It can be observed by an MMA, which
is detailed in the next section. A prerequisite is the extension
of the system to allow DoA estimation with an MMA. This
requires a phase-coherent multichannel receiver with phase
and amplitude imbalances properly calibrated out. We use
the Universal Software Radio Peripheral (USRP) N310 from
Ettus Research, where we feed the local oscillator (LO) from
an external frequency synthesizer, see Figure 3, to obtain
phase coherent channels. Before operation, another frequency
synthesizer is connected via a splitter to the TX/RX ports of
the N310 to calibrate phase and amplitude imbalances between
the channels. The receiver performance is verified by an HIL
simulation in Section IV.

III. DIRECTION-OF-ARRIVAL ESTIMATION WITH A
MULTI-MODE ANTENNA

An MMA is a multiport antenna, where each port features
distinct radiation characteristics. Thus, an MMA with M ports
can be described by their gain pattern gm(φ) and phase pattern
Φm(φ) [18], [27]. For port m and DoA φ we get the antenna
response

am(φ) =
√
gm(φ)ejΦm(φ). (1)

The sampled baseband signal r(n) = [r1(n), ..., rM (n)]T with
sample index n delivered by a calibrated multichannel receiver
is defined as

r(n) = A(φ)s(n) +w(n), (2)

with the antenna response matrix

A(φ) =
[
a(φ1) ... a(φP )

]
(3)



consisting of antenna response vectors

a(φ) =
[
a1(φ) ... aM (φ)

]T
, (4)

assuming that P signals s(n) = [s1(n), ..., sP (n)]T arrive
from DoAs φ1, ..., φP . The signal bandwidth is assumed to
be small compared to the carrier frequency [27], [28] and the
system is internally noise limited, i.e. w(n) ∼ CN (0, σ2

wIM )
is independent and identically distributed (i.i.d.) white circular
symmetric Gaussian noise. Following wavefield modeling and
manifold separation, the antenna response vector

a(φ) = Gb(φ) (5)

is decomposed into a product of the sampling matrix G ∈
CM×U , which is wavefield or DoA independent, and the basis
vector b(φ) ∈ CU , which is antenna independent [29], [30].

The antenna response must be square integrable and the U
basis functions orthonormal on the manifold φ ∈ [−π, π). An
extension to 3D is possible [18], [29], [30], but out of scope
for this paper. A suitable basis for 2D is given by the Fourier
functions

b(φ) =
1√
2π
ejφuφ , uφ =

⌊
−U − 1

2

⌋
, ..., 0, ...,

⌊
U − 1

2

⌋
.

(6)
The order U can be estimated by the electrical size of the
antenna [29] or determined based on the measurement noise
floor [31]. For the employed antenna we use U = 13.

The MMA used in this stuy and developed at DLR [32] has
been measured in an anechoic chamber at DoAs φq with q =
1, .., Q, yielding Q spatial samples of the antenna response for
a specific DoA,

eq =
[
eq,1 ... eq,M

]T
, (7)

that can be joined to

E =
[
e1 ... eQ

]
. (8)

The sampling matrix G is then obtained by least squares

G = EBH(BBH)−1, (9)

with B =
[
b(φ1) ... b(φQ)

]
.

Figure 4 shows both the discrete antenna power and phase
pattern E from the measurement chamber and the continuous
antenna response vector a(φ) obtained by wavefield modeling.
Details about the employed antenna can be found in [32].

To estimate the DoA, we calculate the sample covariance
matrix based on N received signal samples

R̂r =
1

N

N∑
n=1

r(n)rH(n) (10)

and evaluate the maximum likelihood (ML) estimator

φ̂ = arg min
φ

Re{tr{Π⊥AR̂r}}, (11)

with Π⊥A = IM −A(φ)A†(φ), see e.g. [17], where † is the
Moore-Penrose pseudoinverse.

Port 1 Port 2 Port 3 Port 4

Fig. 4. Discrete antenna power and phase pattern obtained in a measurement
chamber together with continuous version from wavefield modeling.

IV. RESULTS

A. HIL simulation

In order to verify the suitability of the SDR architecture
for DoA estimation, we first perform an HIL simulation.
Instead of the MMA, a transmitter is directly connected to
the N310 with a four-way splitter. We receive a vector signal
on four ports, f(s(n)), where the function f(.) represents
both multiplicative receiver nonidealities like phase noise and
amplitude variations and additive noise. Attenuation between
transmitter and receiver was chosen to obtain a high signal-
to-noise ratio (SNR) of approx. 43 dB, i.e. the additive noise
in f(s(n)) can be neglected as the SNR range of interest is
� 43 dB. The received vector signal f(s(n)) is stored and
antenna response A(φ) and noise w(n) are simulated. Based
on (2), the HIL signal model is then

r(n) = A(φ) · f(s(n)) +w(n). (12)

By this approach, receiver imperfections that are multiplicative
w.r.t. the transmitted signal, e.g. phase noise and amplitude
variations, are fully considered. It should be mentioned that it



Fig. 5. DoA estimation RMSE at φ = 50◦ for ML simulation, HIL simulation
and CRB.
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Fig. 6. Rover with installed multichannel SDR, see Figure 3, MMA, and two
antenna RTK system for position and attitude reference [33].

is not possible to adjust the SNR in hardware by a tunable at-
tenuator and then element-wise multiply the antenna response
with the received vector signal, as this would lead to correlated
noise and thus violate the signal model (2).

Figure 5 shows the root-mean-square error (RMSE) for
varying SNR for a fixed DoA of φ = 50◦. The simulated ML
estimator asymptotically approaches the Cramér-Rao bound
(CRB), see e.g. [17], for high SNR. The HIL simulation is
very close to the pure simulation, except for an SNR above
25 dB, where the RMSE tends to flatten out. Apparently the
influence of receiver phase noise and amplitude variations is
small, as they average out when an OFDM frame of 1024
samples is considered. The receiver is thus well suited for
DoA estimation.

B. Outdoor experiment

The multichannel SDR transceiver and MMA are mounted
on a rover, see Figure 6, which can be used as a flexible
experimental platform. The rover features a commercially
available multi-sensor RTK system [33], which uses two
GNSS RTK receivers, correction data from a nearby bases-

Fig. 7. Experiment environment with rover and static node.

Fig. 8. Map with track driven by the rover and a static anchor.

tation and inertial sensors. The obtained precise position and
attitude solution is used as a reference.

The experiment was conducted in an outdoor environment
with grassland, see Figure 7. Figure 8 shows the track driven
by the rover during a run of 9 min 27 s and the anchor position.
Except for a short section starting at x = −10 m, y = 35 m,
the rover was driving forward. In Figure 9, reference and esti-
mated DoAs are shown over the traveled time. The reference
DoA is calculated from the reference position and attitude of
the rover and the known anchor position. To allow better visual
assessment, the 360◦ jumps are unwrapped. According to the
plot, the estimation is close to the true value, except for a few
outliers. In Figure 10, the estimation error is shown over time.
The median estimation error is 7.2◦. For short periods, burst-
like errors up to 95◦ occur. These large outliers can in practice
be detected and discarded by a subsequent positioning filter,
which may also use other sensors, e.g. inertial or optical. The
rover was driving on bumpy grassland which caused the rover
to wobble during the movement. Both shaking and the uneven
surface result in roll and pitch angles of the rover not being



Fig. 9. DoA reference and estimation for the rover traveling time of 9 min
27 s. The 360◦ jumps are unwrapped for this plot.

Fig. 10. Estimation error for the rover traveling time of 9 min 27 s.

exactly zero. This causes a model mismatch for the antenna
pattern, as the signal is in this case not arriving exactly at the
equator plane of the antenna, and could explain the estimation
errors. According to the empirical CDF in Figure 11, the error
was below 14.6◦ for 80% of the time and below 22.8◦ for
90% of the time. It should be mentioned that although we
show results for a single link, the system can be operated
with multiple agents.

V. CONCLUSION

In this paper, we present first measurement results for DoA
estimation with an MMA, a topic which has so far been treated
only theoretically. A coherent multichannel SDR is developed
and integrated into a swarm communication and navigation
system. Its suitability for DoA estimation is shown with an
HIL simulation. SDR and MMA are mounted on a rover,
which dynamically drives around an area and communicates
with a static node. Despite the uneven ground, resulting in
slight misalignment and shaking of the rover, the median
DoA estimation error is 7.2◦. According to the present results,
DoA estimation using a single MMA appears feasible. Further

Fig. 11. Empirical CDF of the estimation error.

improvements to obtain a lower estimation error are currently
being investigated.
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[11] R. Pöhlmann, S. Zhang, A. Dammann, and P. A. Hoeher, “Fundamental
limits for joint relative position and orientation estimation,” in Proc.
IEEE Int. Conf. Communications Workshops (ICC Workshops), Kansas
City, Missouri, May 2018.



[12] ——, “Fundamental limits for joint relative position and orientation
estimation with generic antennas,” in Proc. 26th European Signal
Processing Conf. (EUSIPCO), Rome, Italy, 2018, pp. 697–701.

[13] M. Z. Win, Y. Shen, and W. Dai, “A theoretical foundation of network
localization and navigation,” Proceedings of the IEEE, vol. 106, no. 7,
pp. 1136–1165, Jul. 2018.

[14] R. M. Buehrer, H. Wymeersch, and R. M. Vaghefi, “Collaborative sensor
network localization: Algorithms and practical issues,” Proceedings of
the IEEE, vol. 106, no. 6, pp. 1089–1114, Jun. 2018.

[15] D. Dardari, A. Conti, U. Ferner, A. Giorgetti, and M. Z. Win, “Ranging
with ultrawide bandwidth signals in multipath environments,” Proceed-
ings of the IEEE, vol. 97, no. 2, pp. 404–426, Feb. 2009.

[16] E. Staudinger, S. Zhang, and A. Dammann, “Cramér-Rao lower-bound
for round-trip delay ranging with subcarrier-interleaved OFDMA,” IEEE
Transactions on Aerospace and Electronic Systems, vol. 52, pp. 2961–
2972, Dec. 2016.

[17] M. Viberg, “Introduction to array processing,” in Array and Statistical
Signal Processing, ser. Academic Press Library in Signal Processing,
A. M. Zoubir, M. Viberg, R. Chellappa, and S. Theodoridis, Eds.
Boston: Elsevier, 2014, vol. 3, ch. 11, pp. 463–502.
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