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Abstract—Future applications of millimeter waves (mmWaves)
in vehicular scenarios ask for the characterization of the time-
variant wideband mmWave channel. For this contribution, we
manufactured and measured a proof of concept circuitry intended
to receive mmWave signals repeatably at velocities of up to 50
meters per second (=180km/h=112mph). Our design is based on
a rotating arm, spinning a small antenna platform around a
central pivot in a repeatable manner. Two single-channel rotary
joints are used for interfacing multiplexed I and Q components,
auxiliary carriers, as well as the DC power supply to and from
the small antenna platform at the end of the spinning arm. Our
custom designed RF circuitry withstands the accelerations caused
by centripetal forces of up to 250g. Measurements of scattering
parameters and phase noise show the applicability of our design.

I. INTRODUCTION

A. Importance and Prior Work

Millimeter Wave (mmWave) automotive radars are a

mature technology [1]. mmWave frequencies are considered

for future mobile communication systems and the authors

of [2] consider them for vehicular communications too.

Current vehicular communications takes place at much lower

frequencies and with relatively small bandwidths. Channel

characterizations and their implications can be found in [3],

[4]. At mmWave frequencies, the fusion of radar systems,

communication systems [5], and large bandwidths is very

attractive. Cars can increase their sensing range by fusing

their sensor data with data from infrastructure or other cars

by means of ad-hoc mmWave links [2]. Future trains will

have improved mobile access [6] and the authors of [7]

even predict mmWaves as well as THz communications as

access technology. Speaking generally, we will see a whole

(mmWave) connected society in motion [8].

The static mmWave radio channel for example at 60GHz

is well investigated [9]–[13] and signal processing algorithms

are at hand [14], [15]. There is hardly any knowledge about

rapidly changing radio channels, albeit the theoretical work of

[16] links the angular power distribution results from static

channels with omnidirectional Doppler spectra for moving

receivers. During the development phase of algorithms, a

controllable experiment with reproducable outcome is indis-

pensable for proper cross-comparison. Repeatable [17] linear
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Fig. 1. The high velocity testbed proposed to examine, for example,
vehicular to infrastructure communications. For 50 m/s circumferential speed,
the acceleration caused by the centripetal forces at the end of the arm is
roughly 250 g.

movements, by means of linear guides, are feasible only

for low velocities [18], unless very long guides are used.

A solution to enable repeatable, high velocity measurements

is to spin an antenna (platform) around a central pivot. The

measurements are then conducted on a small segment of the

circumference, thereby emulating linear translations. Such an

approach has been used for the evaluation of LTE in [19]–[23].

This design inherently relies on rotary joints to interface all

signals coming from or to the end of the arm, see Fig. 1. For an

1m long arm and an antenna velocity of 112mph = 180 km/h,

the rotary joints must withstand approximately 500 revolutions

per minute. Using off-the-shelf components, this limits us to

single-channel (coaxial) rotary joints, one on either side of the

pivot. Transmitting mmWave signals directly through rotary

joints and 2m long cables leads to losses (> 15 dB) and phase

instabilities. We thus propose to convert the mmWave signal

to low IF or baseband, directly at the antenna at the end of

the arm.

B. Our contribution

We propose the set-up in Fig. 1 which uses two single-

channel rotary joints and conversion to baseband. It allows

for repeatable high velocity, time-variant mmWave links mea-



surements. It requires a triplexer at the PCB, that withstands

high g-forces. A proof of concept prototype was manufactured,

measured, and compared against simulation.

II. CIRCUIT CONCEPT

For the demonstration of our concept, we work with a

commercial off-the-shelf V-band radio frequency integrated

circuit from Hittite. This IC that includes the antenna-on-

chip was characterized in [24]. These down-converters and up-

converters are also available as flanged modules from [25]. We

used the flanged modules for our back-to-back measurements

in Section IV.

In this paper, without loss of generality, we focus our

concept on a moving receiver. The down-converter IC

HMC6001LP711E receives a 1.8GHz wide V-band signal

within 57GHz to 64GHz and converts it to in-phase and

quadrature-phase. For the internal synthesizer Phase-Locked

Loop (PLL), a reference clock of 285.714MHz is needed.

Furthermore control signals and DC power supply have to be

applied to the IC.

Because our set-up is constrained by two single-channel

rotary joints, we need a solution to transfer I and Q signals,

the reference clock, the control signals, and DC from and to

the V-band IC. It is not possible to generate the reference

clock directly on the accelerated PCB since quartz oscillators

de-tune at high g-forces. As the reference clock frequency

lies inside the I and Q spectra, we decided to transfer this

reference clock above the baseband spectrum in form of two

auxiliary carriers, separated by the reference clock frequency.

As illustrated in Fig. 2, the full circuit composes of four parts:

1) Auxiliary carrier generation: By mixing a 2.433GHz1

auxiliary carrier with the reference clock of

285.714MHz, we obtain a second auxiliary carrier at

2.147286GHz ≈ 2.15GHz. Only those two auxiliary

carriers are passed to the next stage.

2) Two triplexing stages:

a) The in-phase receive baseband signal, the

2.433GHz auxiliary carrier and VDC1 and

b) the quadrature-phase receive baseband signal, the

2.15GHz auxiliary carrier and VDC2

are combined onto either transmission line. The

resulting signals are transmitted through two single-

channel rotary joints to the stages in motion.

3) Two single-channel rotary joints

4) Rotated receiver PCB: We need two triplexers to

separate the receive signals, the auxiliary carriers, and

DC. These triplexers need to withstand acceleration

forces of more than 200 g, see Fig. 1. Details to the

triplexers are given in Section III. The two auxiliary

1A high quality LO at this frequency was readily available. Note that this
frequency lies sub-optimally within an ISM band.
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Fig. 2. Frequency multiplexing concept to circumvent the two single-channel
rotary joint bottleneck. The auxiliary carrier generation is performed with a
mixing stage to be able to share the reference clock with the transmitter.

carriers are fed into a mixer to recover the reference

clock. Eventually, the upper sideband and carrier

leakages are filtered out with a differential lowpass

filter.

We use a WIFI module (ESP8266) to configure the V-band

module while the receiver is not rotating. During the measure-

ments the WIFI module is powered down by disconnecting its

separated DC supply.

III. PCB AND TRIPLEXER DESIGN

To keep microstrip lines reasonable narrow, the PCB needs

to be thinner than 0.3mm. But, for mechanical stability (drag,

vibrations, and acceleration), the PCB must be thick and

without RF shielding. To fulfil those requirements at fair costs,

we designed our prototype on a 4-layer FR4 substrate. The

pre-pregs are 0.28mm and the core is 0.71mm.

For mechanical reasons, we mounted all components, except

for the V-band module with the antenna-on-chip, at the bottom

side (g-force towards the PCB). Nevertheless, a just 10 gram

heavy, off-the-shelf triplexer mounted on the PCB at the end

of the rotated arm is subject to a force of 25N. We therefore

decided to build a triplexer based on microstrip lines with as

few lumped components as possible. Our approach is inspired

by [26], where parallel coupled resonators were used.
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Fig. 5. All transmission parameters of the manufactured prototype with
resonator frequency of 2.15GHz. Note that the passband of the DC path
is not visual on a log-scale frequency axis.

The design is broken up into three stages, see Fig. 3.

The first two stages, namely the parallel coupled resonator

and the open stub notch filter, follow the design proposal of

[26]. Without the strong auxiliary carrier suppression of the

notch filter, the V-band module’s output is potentially been

driven non-linear. Furthermore, our design is deliberately made

narrowband to increase the decoupling between frequency

bands. This supports the removal of leakages and products of

non-linearities from the preceding mixing stage. To increase

the coupling efficiency, the coupler is 90◦ in electrical length.

The λ/2 parallel coupled resonator is bended to save space.

The resonator is exactly tuned to the auxiliary carrier to be

coupled out. The distance to the subsequent open stub is

matched, such that constructive coupling of the reflected wave

is achieved. The third frequency branch - the DC path - is

realized as a bias tee. Note that the DC blocking capacitor is

attenuating the low frequency components of I and Q.

The manufactured FR4-PCB is presented in Fig. 4. In

Fig. 5, the “AWR Microwave Office” simulation results

for the 2.15GHz triplexer are shown in dashed lines and

compared to the measurements in solid lines. The second

triplexer, with the 2.433GHz resonator, has slightly better

isolation.

IV. MEASUREMENTS INCLUDING BASEBAND HARDWARE

The previous measurements were characterising the

triplexer. To characterize the testbed performance, we need

to introduce the baseband hardware around the rotary unit.

Already in Fig. 1, the necessary units are sketched. The

whole testbed is schematically shown in Fig. 6. Similar to

the approach in [27], waveforms are generated off-line for

example in MATLAB, digitally up-converted to an Intermedi-

ate Frequency (IF) and transmitted by an Arbitrary Waveform

Generator (AWG) who acts as Digital-to-Analog Converter

(DAC) for transmitting signals in in-phase and quadrature-

phase. Those signals are up-converted to the V-band by an

external mixer with built-in synthesizer PLL. The PLL is

locking on a reference clock of 285.714MHz and is capable

of synthesizing a frequency grid of ∆f = 7

4
285.714MHz ≈

500MHz distance. To avoid IF crosstalk, we operate the

transmitter and the receiver at different IFs. Furthermore, the

mirror frequencies are suppressed as the Local Oscillator (LO)

at the receiver is ∆f higher than the LO at the transmitter,

see [13].

Besides the ADC, the receiver baseband hardware comes

with a triggering unit to guarantee time-synchronization [28].

Furthermore, the control unit at the receive side is responsible

for processing the signal from the photoelectric barrier and

for setting the frequency inverter to control the velocity of

the electric motor. After a pulse of the photoelectric barrier

was applied, a trigger is generated. Thereby, different kind of

transmit waveforms are transmitted and received every time

at the exactly same position. This unit is reused from our

2.5GHz testbed, see details in [29]–[31]. The reference clock

is shared among the transmitter and receiver. To prevent any
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RF leakage via the clock cables, the power splitter isolation

of 25 dB and is further increased by additional attenuators.

From Fig. 6, it should become clear, that the developed

triplexer-mixer circuitry should act as a transparent interface

for the single-channel rotary joint bottleneck. To test the

impact of the mixing circuits on our set-up, we measure the

phase noise performance. Phase noise is a key aspect for time-

variant wireless channel measurements as Doppler spectra

below the phase noise level are not visual [32].
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Fig. 8. Back-to-back configuration to access the phase noise performance off
V-band transmissions. The transmitter is connected via 60 dB attenuation with
the receiver. The reference clock is generated via the proposed multiplexing
set-up.

Our measurement results are shown in Fig. 7. We first

compare the quality of the reference clock generated with our

circuitry to an ideal reference. The results are shown in blue in

Fig. 7. Due to the coherent generation of the auxiliary carriers

and the mixing circuit on the rotated PCB for recovering the

reference clock, we see an increased phase noise level. As the

first resonator, tuned for 2.433GHz, lies within an ISM band

we can observe WLAN interference as well. Remember, we

are able to turn off our WIFI module by its separated DC

supply.



Next, to assess the impact on the actual V-band transmis-

sions, we connected the transmit and receive module back-

to-back via 60 dB attenuation, see Fig. 8. The phase noise of

a 200MHz sine wave, transmitted over a 60GHz link, was

compared, once by applying the ideal reference clock directly

to the receive module, and once via the proposed multiplexing-

mixing circuit. The decreased reference clock performance

becomes visual for 60GHz transmissions.

V. CONCLUSION

We proposed repeatability of time-variant, high velocity

mmWave experiments by circular motion. Received mmWave

signals are downconverted locally at the antenna platform

and interfaced to a static baseband receiver through rotary

joints. A proof of concept prototype was manufactured and

measured. Our approach trades off phase noise performance

with repeatability.
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A. F. Molisch, and C. F. Mecklenbräuker, “Characterization of vehicle-
to-vehicle radio channels from measurements at 5.2 GHz,” Wireless

personal communications, vol. 50, no. 1, pp. 19–32, 2009.
[4] C. F. Mecklenbräuker, A. F. Molisch, J. Karedal, F. Tufvesson, A. Paier,
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[32] M. Lerch, E. Zöchmann, S. Caban, and M. Rupp, “Noise bounds in

multicarrier mmWave Doppler measurements,” in Proc. of the European

Wireless Conference (EW), Dresden, Germany, 2017, pp. 1–6.


