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ABSTRACT 

The first passive millimetre wave (PMMW) imagery is presented from two proof-of-concept aperture synthesis 
demonstrators, developed to investigate the use of aperture synthesis for personnel security screening and all weather 
flying at 94 GHz, and satellite based earth observation at 183 GHz [1]. Emission from point noise sources and discharge 
tubes are used to examine the coherence on system baselines and to measure the point spread functions, making 
comparisons with theory. Image quality is examined using near field aperture synthesis and G-matrix calibration imaging 
algorithms. The radiometric sensitivity is measured using the emission from absorbers at elevated temperatures acting as 
extended sources and compared with theory. Capabilities of the latest Field Programmable Gate Arrays (FPGA) 
technologies for aperture synthesis PMMW imaging in all-weather and security screening applications are examined.  
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1. INTRODUCTION 
 
Aperture synthesis has its heritage in the radio astronomy community, who has refined this to a sophisticated technique 
over many decades [2]. Its basic strength enables large collecting areas to be synthesised using physically much smaller 
collecting antennas and receivers to deliver high resolution imagery. Over the past decade the development of passive 
millimetre wave (PMMW) imaging has struggled with the large volumes of quasi-optical systems that are required to 
achieve good imaging resolution. Fortunately recent advances in millimetre wave electronics and digital technology 
(processors and analogue to digital converters) are now enabling an aperture synthesis solution to be brought to PMMW 
imaging.  

2. MOTIVATION 
Motivation for the development of aperture synthesis PMMW imagers is that they have the potential to be constructed in 
a planar format and thereby be integrated into existing wall surfaces for security screening and into the skins of aircraft 
for all weather flying and are light weight for the deployment on satellites for earth observation. The essential 
differences between an aperture synthesis imager which enable this capability and a classical quasi-optical system are 
illustrated in Figure 1.  
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Figure 1: Implementation of the latest technology for aperture synthesis offers a massive reduction in PMMW 
imager volume. Comparison of a conceptual aperture synthesis PMMW imager (LHS) having an envisaged 
system volume of 2λD2 with that of the quasi-optical counterpart (RHS) having a volume of D3 illustrates this.   

Millimetre Wave and Terahertz Sensors and Technology III, edited by Keith A. Krapels, Neil A. Salmon,
Proc. of SPIE Vol. 7837, 78370I · © 2010 SPIE · CCC code: 0277-786X/10/$18 · doi: 10.1117/12.860396

Proc. of SPIE Vol. 7837  78370I-1

Downloaded from SPIE Digital Library on 02 Feb 2012 to 130.88.237.136. Terms of Use:  http://spiedl.org/terms



 
The basic elements of an aperture synthesis imager are an array of antennas and digital receivers that enables millimetre 
wave radiometric emission to be digitised and passed to a digital beam-former. Recent advances in the speed and power 
of digital processors means that GHz of radiometric bandwidth can be offered by the digital beam-former, providing sub-
Kelvin radiometric sensitivity in video rate imagery, satisfying key market requirements for the detection of non-metallic 
threats in personnel security screening. Furthermore, high performance and competitive pricing is offered, as the 
enabling technology is market driven by the mobile computing and communications industries. The compact packaging 
now available for these technologies will enable the aperture synthesis imager to be integrated into a substrate a couple 
of centimetres thick.  
 

3. SYSTEMS DEVELOPED 
 
To investigate how well aperture synthesis PMMW imagers function, two proof of concept demonstrators at 93.71 GHz 
and 183.31 GHz have been designed [1], built and characterised to first order and these are illustrated in Figure 2. The 94 
GHz system enables 10 antenna/receiver chains to be placed on a 27 emplacement hexagonal grid. The 183 GHz system 
enables 4 antenna/receiver chains to be placed in a 2x2 fully filled square array, 1 x 4 linear array and a 4 element linear 
Arsac minimally redundant array. The whole system is designed to be rotatable around a central axis, to investigate how 
well images can be reconstructed by using rotating, less than redundant sparse arrays. Both systems have antenna gains 
of 35 dBi, creating a 12 cm spot size at a distance of 2 m from the aperture.  
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Figure 2: The 94 GHz (LHS) and 183 GHz (RHS) aperture synthesis imagers. The top photographs illustrate the 
main components of the imaging system and how they fit on to the rotating frame. The bottom photographs 
illustrate the front end components in the systems.  
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The front end sections of the systems comprise of heterodyne mixers that shift a 300 MHz band of radiation down to a 
3.71 GHz intermediate frequency (IF). The local oscillator distribution in the 94 GHz system is at 45 GHz and that for 
the 183 GHz system is at 14.967 GHz. A quadrature down-shifting mixer then shifts this band down to base-band, which 
is followed by I and Q single bit digitisation using comparators clocked at 330 MHz. The digital correlator operates in 
synchronism with this, on up to 32 channels, generating 496 cross correlations, and x32 I, Q cross multiplies on 
individual channels (to check analogue quadrature downshift error), with integration times variable in factors of ten, 
between 1 ms and 1000 s. The correlations are performed using a single Xilinx Virtex-5 FPGA. Mixer local oscillators, 
the comparator clocks and the correlator are phase locked to a 10 MHz phase stable crystal oscillator.   

The complete system is driven from a PC and uses Matlab to process data, running the beam-forming algorithms to 
create still images and videos.   

 

Signal processing and calibration 

The accumulated cross-correlations (a summation of 1’s and 0’s) are [3]: normalised to give a value between +1 and -1; 
Van Vleck corrected (compensating for the use of single bits); corrected for quadrature down-shift error; have residual 
background subtracted from them and are phase calibrated. The background subtraction is to remove the effects of cross-
talk generated in the first stage IF section. The background level of correlation is recorded when the system is viewing a 
bland scene, such as a large area of millimetre wave absorber.   

Phase calibration is achieved by recording cross-correlations from a noise source in the centre of the scene. Multiplying 
the signal correlations from a scene by the conjugate of the phase calibration cross-correlations zeros the signal phase in 
the centre of the field of view. Once this is done the standard aperture synthesis beam-forming algorithms, which 
construct the visibility function and then take the Fourier transform, can be used to form the image. However, the phase 
correction off-axis is imperfect, which is likely to produce aberrations towards the edges of the field of view. The 
technique also corrects for phase errors that arise in the signal and local oscillator cables, was found to be necessary in 
the case of this 94 GHz system. This is not surprising as the local oscillator distribution at 45 GHz is in coaxial cables 
where the in-cable wavelength is only ~4 mm. The cables have a nominal length of 70 cm but quality control and 
differing cable flexes to the individual mixers is unlikely to result in identical phase shifts for all 10 cables. Differing 
phase shifts in the channels of the 183 GHz system was not seen to be such a problem. This may be expected as the local 
oscillator distribution of this system is in coaxial cables at 15 GHz, where the in-cable wavelength is of the order of 
13 mm.  

4. RESULTS 
 

Fringe measurements confirming coherence from a thermal source  

A series of experiments were conducted using thermal sources to confirm if cross-correlations were indeed 
representative of coherence from thermal sources. These experiments were carried out using a low energy discharge 
lamp acting as a quasi point source. This proved an effective source at 94 GHz and 183 GHz, generating a radiation 
temperature of approximately 10 K above ambient. Only measurements conducted at 183 GHz are presented here, as 
with only 6 baselines from the 4-channel system, the results are much easier to present.   

A low energy discharge lamp (tube dimensions 70 mm long by 33 mm in diameter) was placed in the field of view at a 
nominal distance of 1.8 m from the aperture. In the coordinate system looking out, from the system to the scene, the 
lamp was moved from right to left, a distance of 14 cm (the extent of the antenna ~3 dB widths), in increments of 1 cm. 
Correlations during this transit are shown in Figure 3, illustrating the magnitude, phase, real and imaginary parts. 

Interpretation of the results in Figure 3 can be made by considering the phase and magnitude of the correlations in 
relation to the geometry of the antennas, inset in the centre of the figure. The magnitude of the cross-correlations from 
channels (1,4) and (2,3) are greatest, as the angular width of the source is less in the horizontal plane than the vertical 
plane. The correlation magnitude at 10-3, is consistent with predictions from the van Cittert Zernike theorem [4] about the 
level of correlation from a source, ~10 K above ambient temperature, of width 33 mm and 1.8 m distant from two 
antennas 36 mm apart, which have receivers with noise temperatures of 3900 K.    
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The phase of the cross-correlations indicates movement of lamp on channels (1,4), (1,3), (2,3) and (2,4), which is as 
would be expected, as they have baselines with components in the direction of the lamp motion. With 30 sample points 
over the 14 cm traverse, the fringe spacing from Figure 3 is estimated at 8.6±0.5 cm. Theory indicates the fringe spacing, 
λs/a, is 8.21 cm, where s is the distance from the source to the antennas (1.8 m) and a is the baseline length (36 mm). 
This agreement suggests the system is acting as a true aperture synthesis interferometer.    

 

 

 

 

 

 

 

 

 

 

 

The measured and theoretical fringe spacings from vertical movements of the lamp at 183 GHz and of those at 94 GHz 
are also in good agreement and so also are the magnitudes of the correlations, confirming a functioning aperture 
synthesis interferometer. 

Classical aperture synthesis image generation 

In classical aperture synthesis imaging from radio astronomy a visibility function is generated by placing calibrated 
cross-correlations from receiver channels on the baselines of the corresponding antennas. The Fourier transform of the 
visibility function is taken to form the image [2].  

The baselines are the differences in the coordinates of the phase centres of the antennas in the plane of the array. The 
baselines form a two dimensional array upon which corresponding cross-correlations are added as the z coordinates to 
form the three dimensional visibility function. As the cross-correlations are a complex quantity, the visibility function 
has real and imaginary parts. An example of a visibility function from the discharge lamp in the centre of the field of 
view at 183 GHz at a distance of 1.8 m from the array is shown in Figure 4.  

There are a total of six cross-correlations from the four receiver channels. As these are complex quantities and the image 
by definition is a purely real function, the visibility function must be a Hermitian function. These six visibilities are then 
taken to form conjugate pairs (forcing the visibility function to be Hermitian) with 12 complex components, as can be 
seen in Figure 4, showing the real part to be an even function and the imaginary part to be an odd function. It is also to 
be noted that the 4 channel 2x2 array has two redundant baselines and these can be seen in the visibilities by the two 
slightly different values for a given baseline. Redundant cross-correlations are then averaged to create a mean value. 
Cross-correlations are then interpolated on to a perfect square grid, allowing mechanical imperfections in the machined 
parts to be compensated for. With the visibilities on a square grid a simple Fourier transform routine can be used to 
create the image. 

 

 

Figure 3: The magnitude, phase, real and imaginary parts of the cross-correlations measured as a low energy 
discharge lamp (shown inset) moves across the field of view of the 183 GHz aperture synthesis imager. The indices 
of the cross-correlations are shown together with the antenna geometry (inset) as viewed from the sensor in the 
direction of the scene.  
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The 183 GHz image of the discharge lamp is formed by taking the Fourier transform of the visibility function in Figure 4 
and this is shown in Figure 5. Features are that the imaginary part of the transform is zero, a convenient check on the 
computation to create the Hermitian visibility function on the regular grid. The resultant image correctly indicates the 
aspect ratio and that the lamp is elongated in the Y direction.  

 

 

 

 

 

 

 

 

 

 

Short videos were made of the lamp moving in the vertical and horizontal directions and these confirm that the peak in 
the image is indeed the centre of the discharge tube. Two images extracted at the time when the discharge tube was in 
the centre of the field of view are shown in Figure 6. The images comprise of 25 pixels, the result of twice over sampling 
in each plane of a single 3 dB beam-width.  

 

 

 

 

Figure 4: The visibility function (real and imaginary parts) from a discharge lamp in the centre of the field of view of 
the 4-channel (2x2) 183 GHz aperture synthesis imaging system. Blue circles – samples. Surface – interpolation. 

Figure 5: The Fourier transform of the visibility, showing the real part (the image) and the imaginary part (all 
zeros) of the discharge lamp in the centre of the field of view of the 183 GHz aperture synthesis imager.  

Figure 6: Still images at 183 GHz of the discharge lamp in the 
centre of the field of view when the discharge tube was 
standing vertically (LHS) and when the discharge tube was 
lying horizontally (RHS). The images indicate that the aspect 
ratio of the tube is correctly identified. 
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Similar results were obtained when the discharge lamp was measured using the 94 GHz imaging system, confirming that 
the complete system is behaving as an aperture synthesis imager.  

Near-field and far-field regimes 

Classical aperture synthesis imaging from radio astronomy operates in the far-field, this enables the image to be created 
by taking the Fourier transform of the visibility function. The technique works because the far field pattern of a 
distribution of sources is described by Fraunhofer diffraction, which mathematically is equivalent to a Fourier transform. 
However the Fourier transform representation of diffraction does not apply to the near field where the more general 
Fresnel diffraction describes the behaviour. The discriminator between these two regimes is the Rayleigh distance, R, 
given by Eq. 1, where D is the aperture size (or baseline length) and λ is the wavelength. At the Rayleigh distance the 
deviation in phase across the aperture between the true spherical wave-front and an assumed plane wave-front is π/8. 
Beam-forming in the Fresnel regime therefore needs to take account of the spherical nature of the wave-fronts.    

λ
22DR =                       (1) 

For the 183 GHz system the Rayleigh distance for the shortest baseline (36 mm), is 1.58 m, whilst for the longest 
baseline, √(2*362) mm, it is 3.16 m. This indicates the laboratory near field aperture synthesis imaging at a range of 
1.8 m is actually working on the border of the near-field. 

For the 94 GHz imaging system the Rayleigh distance for the shortest baseline (antenna spacing at 72 mm) is 3.2 m, 
whilst that for the longest baseline is 60 metres. This indicates the laboratory measurements made at 2.0 are well and 
truly in the near field regime. 

Aperture synthesis images at 94 GHz 

With 10-channels the 94 GHz imager has 45 baselines and generates an image with approximately 400 pixels, a result of 
twice oversampling of the effective 3 dB beam-width in each plane. Two images taken of the low energy discharge lamp 
are shown in Figure 7. There is structure in the image which may arise from using a far-field algorithm in the near-field; 
however the basic aspect ratio of the discharge tube is correctly reproduced in the image. Furthermore, direction of 
motion is clearly indicated in the video.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Images at 94 GHz of the low energy 
discharge lamp (visible image inset) in the centre 
of the field of view as imaged by aperture 
synthesis. The lamp is standing vertically in the 
left hand image and lying horizontally in the right 
hand image.  

Figure 8: Point spread functions of the 94 GHz aperture 
synthesis imager measured by imaging a noise source (LHS) 
and simulated (RHS) show good agreement. The noise 
source is shown inset. 
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Point spread functions 

The point spread function of the 94 GHz aperture synthesis imager has been measured by imaging a 20 dB Excess Noise 
Ratio (ENR) 94 GHz noise source, coupled to a 20 dBi horn antenna, placed in the centre of the field of view. The 
resulting image is shown as surface plot in Figure 8, together with a plot of the theoretical point spread function from the 
array for comparison.  

The point spread function was also measured by scanning the noise source over the whole of the (15 cm x 15 cm) field 
of view in increments of 1 cm and recording the intensity measured at the centre of the field of view.  A contour and 
surface plot of this point spread function measurement are shown in Figure 9. The full width at half maximum of the 
central peak is in the region of 2 cm and 1 cm for the H-plane (horizontal) and E-plane (vertical) dimensions 
respectively. The central peak of the point spread function has a value of 17.83, whilst the standard deviation for the 
remaining part of the function is in the region of 0.5. A contour and surface plot of the theoretical point spread function 
for the array, shown in Figure 10, is seen to be in good agreement with the measurement. These measurements and 
predictions can be compared to the 2 cm specification on the resolution for the ESA terahertz camera.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The standard aperture synthesis technique with near field on-axis phase correction to the visibility function works well in 
the central regions of the image. However, in moving towards the edge of the field of view, aberrations are noted in the 
image. For example a noise source moved in from the right hand side of the field of view appears as a spike in the left 

Figure 9: The measured point spread function of the 94 GHz aperture synthesis imager (shown in Figure 2), made 
by moving a noise source in the field of view, illustrated as a contour plot (LHS) and as a surface plot (RHS). 

Figure 10: The theoretical point spread function for the 94 GHz aperture synthesis imager (shown in Figure 2), 
illustrated as a contour plot (LHS) and as a surface plot (RHS)  
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hand side of the image. It is believed these aberrations arise as a nominally far-field technique has only been optimised 
to function on axis in the near field. A mechanism to image in the near field, where wave-fronts are spherical, needs to 
be found.    

G-matrix calibration 

In the G-matrix technique, the relationship between the two vectors representing an image and the visibilities is found 
experimentally by scanning a noise source to all pixels in the field of view [5]. If the image is represented by a vector of p 
pixels and the visibilities as a vector of m cross-correlations, the matrix G representing the transformation is given by 
Eq. 2. As the temperature is a purely real quantity the vector of visibilities comprises both real and imaginary parts in a 
single real vector of twice the length. By measuring visibilities generated by a noise source at a single pixel location one 
column of the G-matrix is measured. Scanning the noise source to all pixels enables the full matrix to be populated. The 
temperature can then be found by the inversion in Eq. 2, where G’, is the inverse of G as given by Eq. 4.  

             TV G=       (2)                                        VT G'=       (3)                                1)( −= tt
GGGG'        (4) 

The 20 dB ENR noise source was scanned to 225 locations (on the 15 cm x 15 cm field of view) covering the ~3 dB 
width of the antennas and this data was used to calculate the G-matrix. The G-matrix was then used to generate images 
of the point (noise) source at locations of 3, 6, 9 and 12 o’clock in the field of view and these are shown in Figure 11. 
The positions of the noise source are correctly located in the image. In these images there are also one or two subsidiary 
peaks at the level of 20 % to 30 % of the main noise source peak. These may be either the result of not sampling outside 
the 3 dB region in the creation of the G-matrix or grating lobes due to aliasing.    

 

Radiometric sensitivity measurement  

Measurements of the radiometric sensitivity of the 94 GHz aperture synthesis imager were made by calculating the 
temperature mean and standard deviation from 100 sequentially acquired images, each taken with a 1 s integration time, 
of a dual extended thermal calibration source of known radiation temperature. The dual source provides a known 
radiation temperature contrast in the image and more details of this are provided in the reference [6]. The results together 
with a long wavelength infrared image of the extended sources are shown in Figure 12. The dual radiometric calibration 
source comprised two 5 cm squares of millimetre wave absorber, the temperature of which was estimated by infrared 
camera and infrared thermometer to be 52º C and 22º C. The absorbers were assumed to have emissivities sufficiently 
close to 100 % that the radiation temperature difference between the two sources could be taken as 30º C. As the ratio of 
the standard deviation to the mean temperature was measured at 0.05/0.0045, this indicates the standard deviation of the 
radiometric temperature measurements is 2.7 K.  

      

 

Figure 11: Images from left to right of a point (noise) source at locations of 3, 6, 9 and 12 o’clock at a range of 2 
m from the 94 GHz aperture synthesis imager. The full width half maximum of the peak is 2 cm and the field of 
view is 15 cm x 15 cm. 
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Theoretical estimations of the radiometric sensitivity have been made using the standard radiometer equation from 
aperture synthesis, which is shown in Eq. 5, where BRF is the radio frequency bandwidth (300 MHz), tINT is the signal 
integration time (1 s for the sensitivity measurements), TA is the antenna temperature (assumed to be 290 K for an indoor 
measurement in a closed room), TR is the receiver noise temperature (measured to be 1690 K), ηQ is the analogue to 
digital (ADC) quantisation efficiency (2/π for single bit ADCs, relevant for this system) and F is the fractional filling of 
the array. The fractional filling is given by Eq. 6, where D is the synthesised aperture diameter (37.5 cm), d is the 
individual antenna diameter (6.5 cm), and ηA is the antenna aperture efficiency (assumed to be 80%) and NC is the 
number of antenna-receiver channels (10 in this system). This indicates the theoretical radiometric sensitivity is 0.79 K.  
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Possible reasons why the measured and theoretical predicted radiometric temperature sensitivities are not in good 
agreement could be due to the fact that far-field beam-forming algorithms have been used to create the images. Using a 
rigorous near-field algorithm may generate a larger signal in the image, as phases of longer baselines may coherently 
sum to a larger quantity.      

5. FOLLOW-ON DEMONSTRATORS 
Follow on demonstrators require more compact integration of components and greater numbers of pixels in their images, 
commensurate with the specific PMMW imaging application requirements. The basic requirement of the digital beam-
former is to perform rapidly a large number of exclusive OR gate operations for the aperture synthesis cross-correlation 
beam-forming. For an aperture synthesis array of NC channels, NC(NC-1)/2 cross correlations must be performed at a rate 
2BRF, to satisfy the Nyquist criterion. The number of FPGAs required to beam-form is given by Eq. 7, as an FPGA has m 
elemental logic units (~ 2 x 106 for the emerging devices) that can be clocked at a rate r (currently 350 MHz), with a 
utilisation of u on device real estate (practically only 50%) and that a of these (typically 40) may be use to perform an 
XOR operation. As the radiometric sensitivity is given by Eq. 5 and that the fractional filling, F, of the array is 
equivalent to the ratio of the number of receiver channels, NC, to the number of beam-width pixels in the image, NPIXELS, 
the number of pixels in the image can be rewritten as in Eq. 8. These two equations enable the basic requirements of a 
demonstrator imager to be identified.        
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Figure 12: The standard deviation and mean temperature 
measured using the 94 GHz aperture synthesis imager, displayed 
as surface plots (above) of two extended thermal sources (right) 
having a temperature differences of 30ºC as measured and 
calibrated using thermocouples and a long wave infrared camera 
to confirm temperature uniformity (above, right).  
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What is attractive about the emerging generation of FPGA devices (Xilinx Virtex-7 or Altera Stratix V series) is that 
they are sufficiently powerful to enable the beam-former in follow-on demonstrators, with performance capabilities close 
to market requirements for PMMW imaging applications, to be built using a single FPGA device. Two examples are 
taken to illustrate this, both providing video rate (tINT ~ 100 ms) imagery from an array of receivers with noise 
temperatures in the region of ~300 K, reasonable if RF amplifiers are included in the front end. The first delivers 
imagery of 10000 beam-width pixels with a radiometric sensitivity of 10 K in each, from an array of 200 antenna-
receivers, with a radio-frequency bandwidth of 220 MHz in each. This might be considered as a forerunner to an all-
weather flying aid. The second provides 200 pixels of imagery with 200 mK sensitivity in each, from an array of 50 
antenna-receivers, with a radio-frequency bandwidth of 3.5 GHz in each, which might be considered suitable for the 
screening of non-metallic threats on persons. 
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