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1. INTRODUCTION 

The work package 5 of the ADOSE project studies the possibility to detect vulnerable 
road users (VRUs), such as pedestrians, cyclists, and scoter users with intermodulation 
radar, a modification to a typical commercial automotive radar system. Such radar is 
able to operate simultaneously in normal mode, in which it can detect normal targets, 
such as cars and other obstacles, and in intermodulation mode, in which it detects 
targets equipped with either active, passive or semi passive transponders. 
 
To detecting passive intermodulation transponders, the radar transmits two closely 
located frequencies and records the reflections at an intermodulation frequency. The 
passive transponders are designed to produce intermodulation mixing products of the 
two applied frequencies and can therefore be separated from other, conventional targets 
that do not generate mixing products. 
 
The operation principle of semi-passive and active tags is somewhat similar to the UHF 
(ultra high frequency) RFID (radio frequency identification) that uses the modulated 
backscattering for communication. The reader, or radar in the studied application, 
illuminates the tag by a frequency modulated continuous wave (FMCW). In the 
intermodulation radar this will be the case for at least one of the two parallel transmitted 
signals. The tag causes modulated backscattering of microwaves by switching its input 
impedance and thus also the antenna matching between two states. The backscattered 
frequency is offset from the transmitted frequency and the reader (in this case the radar) 
can therefore separate it from environmental reflections. More information on the tags is 
found in D5.6 [1]. 
 

1.1 Purpose of this document 

This document follows the finalization/delivery of the radar system developed in WP5.4. 
This radar system was built for demonstration purposes planned at the end of the 
project. The current report describes the contents of this delivery. Result from system 
subsystem and functional tests, is mainly presented in D5.9 [2] which is following this 
report. However some results from testing are also present in the current report for the 
sake of completeness. The radar system is based on the design presented in D5.3 [3] 
and modified in D5.6 [1]. Some parts of the current report thus to some extent repeat 
what was presented in D5.6 [3].  
 
The current document is the public version, thus some of the technical details of the card 
layouts has been left out. 
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2. ADVANCED PROTOTYPE OF RADAR 

The design of the advanced prototype was presented in report D5.3 [3] along with the 
principle of work for the harmonic radar sensor. The design was further reviewed in D5.6 
[1].  
 
While working towards the manufacturing (especially in terms of antenna design and 
antenna processing) some modifications had to be done to the design to find the right 
trade-off between cost, flexibility and signal quality. Operationally the following can be 
stated:  
 
 
Transmission: Each of the two transmitter channels (f1 and f2) transmits their own wide 
beam through their own transmit antenna. This means that there is no contribution to 
angular resolution in the transmitter chain (Fig. 1). 
 
Reception: The receiver antenna is a 16x4 element phased array where each column of 
4 elements has its own individual receiver system. This makes it possible to perform 
digital beam forming on receive. This also means that one may process all “scan” angles 
simultaneously thus maximizing the update rate of the system.  
 
 
 

  

Fig. 1 Both f1 and f2 are transmitted through wide beam antennas. Angular resolution is 
provided by digital beam forming on receive. 

2.1  Top Level Sketch 
 
The radar system is fitted within a cube of size 10x10x10 cm. The circuitry is distributed 
over 5 functional boards.  With reference to fig 2 these boards are (from left, excluding 
the cover):   
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·  Millimetre wave board:  This board contains the circuitry for high frequency signal 
conditioning, transmission and receiving (including the antennas patches). 

 
·  Power Supply Unit (PSU): This board handles power conversion and distribution as 

well as proper power up routines.  
 
·  Local Oscillator board: At this board the intermediate frequencies are generated by a 

combination of direct digital synthesis (modulation) and voltage controlled 
oscillators.  

 
·  Digitizer board: 32 channel high frequency digitizing and signal conditioning. 
 
·  Motherboard and communication: The main digital processing board in the sensor 

as well as base for Ethernet communication. FPGA based.  
 
 

 
        

Fig. 2 Diagram and photo of the boards of the radar system  

2.2 Analogue interface card and Power supply unit 

Through the testing of the system during spring 2011 it was found that, due to bounding 
errors, several of the millimetre antenna receiver channels does not work and that the 
ones that work has random and time varying  phase shift. This makes it impossible to 
perform coherent beamforming and disables the utilization of the antenna array gain for 
azimuth resolution and signal to noise increment.  
 
In the process of investigating these effects a direct 16 channel analogue interface card 
was constructed such that the individual antenna channels can be directly tested. An 
image of the 16 channel analogue interface card is seen in Fig. 3. 
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Fig. 3 16 channel analogue interface board. 

2.3 Power Supply Board 

The Power Supply Board distributes power to the different subsystems of the radar 
system. This subsystem mainly consists of voltage regulators, supply monitors and 
safety interlocks. The PSU board itself if powered with at 10-16 V and draws in the order 
of 15W.  

2.4 The signal generation board (intermediate frequ ency board) 

The signal generator board generates the intermediate level signalling for transmission 
and receiver mixing. This is a critical part as all waveform, timing and triggering is 
executed at this board.  A functional diagram of the underlying processes is seen in Fig. 
4. 

 

Fig. 4 Schematic layout of the signal generation system 
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2.5 Millimetre wave board 
 
The millimetre wave board is produced on Rogers 3850 LCP substrate and contains the 
high frequency circuitry. The antenna patches are on the front of this board and seen in 
Fig. 5. 
   
f1, f2 and a LO signal at intermediate frequency stage are the three main inputs to this 
board. Both f1 and f2 are multiplied, amplified and then transmitted at the two wide beam 
antennas. As seen in Fig. 6 the LO signal (12.8 GHz) is split in 4 by 2 sets of Wilkinson 
splitters. Thereafter each branch is multiplied by 6 and amplified. A final stage splitting 
provide each of the 16 CHM378 mixers with a LO at + 6dBm. 
 

 
 

Fig. 5 The front of the millimetre wave board. Note that the feeds on the Rx array 
columns are alternating top and down due to spatial restrictions on the backplane. 
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Fig. 6 Local Oscillator distribution network. 

 

2.5.1 Transmitter Antenna  

 
The millimetre wave board has separate, yet identical, antennas for the transmission of 
f1 and f2.  The antennas are based on a series fed 1x4 array with vertical polarisation (E-
field in the vertical direction).  The antenna dimensions are seen in Table 1 and the 
antenna can be seen in Fig. 7. 
 

Table 1 Transmitter antenna dimensions. 

Dimensions   

Patch length [mm]  1.13 

Patch width [mm]  1.55 

Transmission line length [mm]  0.97 

Transmission line width [mm]  0.240 
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Fig. 7 Transmitter antenna. Left: The antenna. Middle:  Radiation pattern in azimuth. 
Right: The radiation pattern in elevation. 

 
The far field range of an antenna is found as  
 

l

22D
          (1) 

  
The largest dimension, D, in our 4 element array 7.4 mm, which gives the far field of the 
antenna 27 mm. The 3-dB beamwidth is approximately 24 degrees in elevation and 71 
degrees in azimuth.  
 

2.5.2 Receiver Antenna Array 

 
The receiver antenna consists of 16 1x4 arrays where each of the 16 arrays are identical 
to the transmitter antennas. Its largest dimension is approximately 32 mm leading to a 
far field range in the region of 50 cm. In order to allow more space in-between the 

elements for layout routing, alternate elements are rotated by 180
o
. In Fig. 8 the antenna 

is seen together with sensitivity patterns in different azimuth directions. The sensitivity in 
elevation is similar as for the transmitting antenna (24 degrees) and approximately 4 
degrees in azimuth. Receiver Antenna gain is 21.7 dB. 
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Fig. 8 Left: The receiver antenna array. Right: Sensitivity patterns for selected azimuth 
angles. 

 

2.5.3 Mechanical cover  

 
In order to protect the dies and wire bonds at the millimetre board, as well as to prevent 
indirect radar reflections, an aluminium/absorber material is placed on the frontend. As 
seen in Fig. 9  this does not affect the field of view of the antennas as the limitations on 
field of view by the antenna beamwidth are more stringent. A complete encapsulate is 
provided by the front cover of Polyoxymethylene with ‘windows’ of Liquid Crystal 
Polymer in front of the antennas. These windows are only fractions a wavelength thick 
and opens for throughput of transmitted and received signals.   In Fig. 10 the 
Polyoxymethylene cover is seen before integration of the of Liquid Crystal Polymer 
windows.  
 
 

 
 

Fig. 9 Detailed view of the frontend antennas and the partial cover. 
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Fig. 10 Photo of the front cover 

 
The separation of transmit and receive antennas leads to better transmitter-receiver 
isolation: 
 

·  Tx1 to Tx2 coupling: -60dB (in the vertical plane)  
 

·  Tx1 coupling to an adjacent patch 20mm (horizontal plane): -50dB  
 

·  Tx1 to Rx coupling 30mm (closest edges): -60dB  
 

 

2.5.4 Noise Figure  

 
Noise figure is mainly determined by the 1st stage voltage noise.  The cascaded noise 
figure is found through Eq. (2) (linear values). The noise parameters are summarized in 
Table 2. 
 

21
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+

-
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Table 2 Cascaded Noise Figure Analysis 

Cascaded Noise Figure  dB 
values  

Stage  

F1  5  CHA1077 LNA  
G1  15  LNA  

F2  3  Splitter  
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G2  -3  Splitter  
F3  20  CHM2378 Mixer  

G3  -13  CHM2378 Mixer  

F3  6.5  IF Amp  
Ftot  11.4   

 
  

2.6 Signal budget 
 
For conventional targets the normal radar equation can be used to find the received 
power,  

( ) 43

2

4 r

GGP
P trt

r
p

sl
=      (3) 

 
For the scattering from the radar tags one should use  
 

( ) Lr

GGGP
P tagtrt

r 4

42

4p

l
=      (4) 

 
Using the parameters seen in Table 3 one obtains a SNR of 12.4 dB for a conventional 
target of 1 m2 at 150 meters distance. For a passive radar tag at 25 meters distance the 
SNR would be 6.3 dB and 22 dB at 10 meters.  
  

Table 3 Signal parameters 

tP  14 dBm Transmitted power 

tG  11 dB Gain transmitting antenna  

rG  23 dB Gain receiving antenna  

tagG  16 dB Antenna gain in tag 

l  3.89 mm Wavelength at 76 GHz 

s  1 m2  Radar cross section 

NF 12 dB Noise figure 

BW 1000 Hz Minimum Noise bandwidth after processing 

L  10 dB Conversion loss in tag 
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2.7 Results from lab testing of radar prototype 

During the first part of 2011 the in-house lab testing of the sensor hardware was 
performed after the millimetre board was finished.  A lot of manual work was required to 
connect the various boards for the first time and solder additional jumper. The test was 
performed by directly interfacing the analogue I and Q channels before the AD board.  
 
The signal generation stage is working as planned and 76-77GHz swept signals is being 
generated, transmitted and received.  
 
The power output test was performed using a W band standard 24 dB gain horn antenna 
at 1 meters range. The signal budget with the standard horn at 1 meter gives a received 
power through the horn of 25 dBm. The measured power was 17.55 dBm. The output 
power seems ~7dB less than expected 
 
The receiver test was performed by transmission from the 24dB gain horn at 1 meters 
distance. The system is designed such that this will produce – 31 dBm at each channel 
at the receiver. As seen in the test results (Table 4)  only 12 of the 16 receiver channels 
12 produces signals, but then with a strong variation in signal levels (-40 to  - 90 dBm as 
opposed to the designed value of -31 dBm) Channel 2, 4, 6 and 7 lack signals 
completely (this might be due to faulty bounding). In the other channels the difference 
between I and Q signal levels are high. The phase between I and Q varies (randomly) 
for the working channels (without no obvious reason). Channel 1, 3, 11 and 15 are those 
closest to the specified value. 
 
Results from more extensive sub system testing are found in D5.9 [1]. 
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Table 4 Receiver Channel Test Results 
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3. CONCLUSIONS 

An overview of what was included in the final delivery of the radar system in WP 5.4 is 
presented in this report. This includes simple simulations, design and results from first 
lab tests of the advanced radar prototype. The radar prototype was firstly finalized in 
March 2011.  
 
The lab tests of the advanced prototype showed that the signal generation and reception 
works. However, there is 7 dBm less output power than expected and the phase 
coherency and signal level intra channel (I and Q) and across the 16 receiver channels 
are poor which makes it hard to perform the digital antenna syntheses in post 
processing. This is most likely due to manufacturing issues on the millimetre wave circuit 
board. As of November 2011 new mmw boards have not been constructed due to 
capacity problems at sub suppliers.   
 
The final delivery of the radar system is thus with a direct 16 channel analogue output 
suitable for individual channel testing. This means that the multichannel digitizing, pre-
processing unit (FPGA based) and communication (Ethernet interface) as described in 
D5.6 [1] is not integrated with the radar.  
.  
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