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ABSTRACT   

This paper examines the sourcing of low cost components for next generation passive millimetre wave (PMMW) 
aperture synthesis imagers. Splitting the elements of the imager into antennas/receivers, analogue to digital converters 
(ADCs), digital signal processors (DSP) and a host computer, technologies are identified that can minimise the cost of 
these in future systems. It is established that the follow-on aperture PMMW imagers can be constructed at relatively low 
cost, using a combination of low frequency (< 30 GHz) satellite receiver technology, high-speed clocked comparators, 
DSP (both Field Programmable Gate Arrays (FPGAs) and Graphical Processor Units (GPUs)) and the latest personal 
computers that use high-speed high lane count PCI Express Bus technology.     
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1. INTRODUCTION  

Key potential markets for PMMW imagers are security screening of people for non-metallic threats and all-weather 
imagers for aircraft. Successful uptake by these markets is dependent on the technology satisfying market expectations of 
system footprint size, imager performance and production cost. Expectations on footprint can be satisfied by exploiting 
the aperture synthesis technique to build a low profile electronic beam-forming imager. In this endeavour the first 
demonstration of near-field video rate imaging has been made by the recent completion of a 32-channel, 22-GHz 
aperture synthesis imager project [1]. This system constitutes a Technology Readiness Level (TRL) 4 proof-of-concept 
imager. It is clear from the work in this project that this approach has the potential to satisfy market expectations of 
performance in respect of large images (several thousand pixels), real-time operation and radiometric sensitivity below 
1 K. The focus is now on identifying technologies that can minimise the costs of follow-on systems for TRL 5 
demonstrators and TRL 6 prototypes, so leading the way to a low cost product. 

2. A DIGITAL CORRELATION BEAM-FORMING PMMW IMAGER 

The architecture of an aperture synthesis PMMW imager that uses correlation beam-forming is shown in Figure 1. The 
basic components are arrays of antennas, receivers and ADCs which generate an input for a digital cross-correlator that 
is controlled by a computer through a human interface. The computer controls the whole system and runs algorithms on 
the cross-correlations to create images. The components of the architecture are discussed in more detail in the following 

Figure 1. The architecture of a digital electronic beam-forming PMMW imager showing the essential elements of arrays 
of antennas, receivers, digitisers and digital signal processors linked to a computer and the phase locking of clocks and 
heterodyne mixers local oscillators. 
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sections. The digital approach to beam-forming is preferred, as techniques to compensate for the signal dispersion 
incurred by the frequency shifting of a large fractional bandwidth signal can be implemented relatively easily, either in 
the frequency domain by frequency-channelisation or in the time domain. The digital approach also lends itself to 
sophisticated signal processing techniques to extract subtle effects buried in data, more difficult and in many cases not 
possible using analogue techniques. As digital techniques are now capable of operating at bandwidths that give imaging 
systems radiometric sensitivities in the region of ~1 K at video rates, it is appropriate to exploit these technologies for 
next generation PMMW imagers [1].   

The radiometric sensitivity in a digital beam-forming PMMW imager is given [2] by Eq. 1 where TA and TR are the 
antenna (scene) radiation and receiver noise temperatures, BRF is the radio frequency (RF) bandwidth, tINT is the 
integration time, ηQ is the quantisation efficiency (2/π for single bit digitisation) and ηM is the antenna main beam 
efficiency, typically 80 % for a well designed antenna. For PMMW imaging TA can be assumed to be ~300 K and in the 
low frequency region (10 to 30 GHz) TR can be assumed to be equal or less than 300 K. The fractional filling of the 
antenna array is given by Eq. 2, where NC is the number of receiver channels, d is the individual antenna diameter and D 
is the antenna array diameter. The fractional filling of the array is also related to the ratio of the number of receiver 
channels to the number of pixels, NPIXELS, in the image that have a width of one 3dB beam-width, also shown in Eq. 2. 
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3. ANTENNAS 

Antennas that can be used in a PMMW imager are of the horn, patch or slot type. Horn and patch type antennas have 
been evaluated for these applications [1] where it was found that both could be made to have exceptionally low profiles 
for a typical ~8 dBi gain, where the minimum depth was found to be in the region of twice the wavelength for a short 
horn antenna to a tenth of a wavelength for a patch antenna.    

4. RECEIVERS 

The receivers in the system have to generate a complex digital output suitable for use in the beam-forming DSP. The 
receivers need to bring the signal level up to 100-200 mV prior to an ADC for effective digitisation. The RMS voltage 
into an ADC of input impedance R is given [3] by Eq. 3, where G is the combined radio and intermediate frequency (IF) 
power gain of the receiver and k is the Boltzmann constant. To generate a voltage of ~150 mV at a 50 Ohm input 
impedance, the power gain needs to be ~77 dB for a bandwidth of 1 GHz.   

RBTTGkV RFRARMS )(2 +=                                                                   (3) 

As the capability of digital technology improves, the designs of receivers simplify and their costs decrease as devices 
become commercially available. This is particularly relevant for PMMW imaging in the commonly used bands up to 
~40 GHz. Two examples of down-shifting receivers are shown in Figure 2. The first uses an analogue quadrature down-
shifter and digitisation in the in-phase and quadrature channels, to achieve a potentially larger radiometric bandwidth at a 
given sampling rate. The main advantage of this system is that radiation from the millimetre wave band can be down-
shifted to a band where it can be sampled using commercially available off-the-shelf components. However, the 
disadvantage is that a matching pair of mixers are required which are exactly π/2 out of phase, and in practice this can 
only be achieved to within a phase error of a few degrees (although to first order this can be compensated for). The 
second uses digital sampling at the front-end and a digital down-shift. This is currently not possible using commercial 
off-the-shelf technology as the requisite sampling speeds are not yet available. However, the benefit is that there is no 
phase error between the in-phase and quadrature components. In both schemes, the Nyquist sampling criterion requires 
the sample frequency fS to be at least twice the RF bandwidth, BRF, as indicated in Eq. 4.  

RFS Bf 2>                                                                              (4) 

In this second scheme, the RF signal input at a centre frequency fC can be bandpass sampled at a frequency fS (much 
lower than the RF) given by Eq. 5, where p is the order of the bandpass sampling [4].  This scheme of sampling then 
enables the I and Q demodulated components to be created by the standard technique of multiplying the digital data 
stream with a cosine and a sine function at a frequency of exactly one quarter of the sampling frequency, fS. Digital 
filtering and decimation then follows to reduce the data rate to that commensurate with the information contained within 

Proc. of SPIE Vol. 8188  818808-2

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



 
 

 

the radiation bandwidth BRF. The scheme of bandpass sampling requires precise anti-alias filtering of the RF signal, 
otherwise aliasing has a compounding effect through the digital down-conversion process. Furthermore, considerable 
attention needs to be paid to minimizing the level of jitter on the comparator clock with respect to the reciprocal RF time 
and not that of the reciprocal RF bandwidth time, the former being significantly more stringent.    
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Historically building radiometers from individually purchased feed horns, mixers, local oscillators, filters and waveguide 
/ coaxial cables for signal and local oscillator distribution has cost in the region of £10’s K per channel, increasing in cost 
as the frequency rises through the millimetre wave band. However, by purchasing preassembled units from mass market 
suppliers, such as those used for domestic satellite receivers, costs can be reduced significantly. For example, a 12 GHz 
satellite Low Noise Block-downconverter (LNB) with a 0.3 dB noise figure, which contains a combined feed horn (of 
gain 10-15 dBi appropriate for aperture synthesis imaging), RF and IF amplification (gain ~ 40-60 dB) and 10 GHz local 
oscillator costs in the region of £3 to £30. A number of these units have been purchased to examine their potential for use 
as radiometers and for bandpass sampling experiments on the nominal 1 to 2 GHz IF outputs. Low cost satellite receiver 
technology may also be exploited at the higher radio frequencies. However, to minimise costs further it is prudent to 
restrict the radio frequencies to those of the commonly used bands such as the K-band (18-26.5 GHz) and the Ka-band 
(26.5 – 40 GHz).  

5. THE ANALOGUE TO DIGITAL CONVERTER (ADC) 

The challenge in realising the benefits of a digital solution is being able to digitise at a high enough bandwidth to provide 
good radiometric sensitivity. One of the problems in sourcing analogue to digital converters from commercial sources is 
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that the market is geared towards longer word digitisation (generally 8-bits or more) and those devices which can sample 
at the requisite hundreds of mega, to giga-samples, per second are in the region of £5-10K per channel, for connectorised 
units, with appropriate clocking, hardware memory transfer and storage mechanisms. As such this is still too costly for 
next generation imagers. However, as the electric fields of radiometric emission fluctuate rapidly and are Gaussian-like, 
short word digitisation is possible, with single bit digitisation only loosing a factor 2/π in radiometric sensitivity [5].  
Reducing the system to its simplest requirements, single bit digitisation can be used, which can be implemented using 
comparators. This greatly reduces the costs of the digitisation, as comparator integrated circuits that can be clocked (and 
sample at) 1 GHz and 20 GHz can now be purchased for something in the region of £1 and £40 respectively. As reported 
earlier, satisfying the Nyquist sampling criterion, the digitisation sampling rate needs to be twice the radiation 
bandwidth, BRF, which for NC channels gives a total data rate of 2NCBRF. These data rates for existing and future imaging 
systems are shown in Table 1. 

6. DIGITAL SIGNAL PROCESSORS (DSP) 

In the scheme of imaging discussed here the cross-correlation beam-forming technique is used, although other techniques 
such as Fourier transform beam-formers can also implemented [6]. The digital processor for this scheme is required to 
cross-correlate the outputs from the digital receivers and accumulate the result for an integration time, tINT, before 
passing the result to the computer. In this application there is no lag in the cross-correlation, so the process reduces to a 
cross-multiply. The cross-multiply accumulate is defined mathematically in Eq. 6, for complex voltages vj and vk from 
receiver channels j and k, where * denotes the complex conjugate and the angle brackets denote time averaging over the 
integration period. If the real and imaginary components of the complex voltage on each channel are denoted by I and Q, 
the cross-multiply is given by Eq. 7, which when expanded gives Eq. 8, from which it can be seen there are four 
multiplies and the results of these can be stored in four registers. As data enters the system as single bits, these 
multiplications can be performed using exclusive OR gates. As each channel is required to be sampled at a rate of twice 
the radiation bandwidth and the number of cross-correlations is NC(NC-1)/2, the total rate of mathematical operations is 
~2NC

2BRF. This rate is shown for existing and future imaging systems in Table 1. 
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Possible digital signal processors for digital beam-forming PMMW imagers are Field Programmable Gate Arrays 
(FPGAs) and Graphical Processor Units (GPUs). An FPGA is a massive interconnecting array of logic cells (or 
elements) comprising look-up-tables (LUT) to perform logical operations and flip-flops for data storage. Moreover, the 
reprogrammability of FPGAs means the mathematical operations can be easily refined and upgraded. It is an ideal device 
for performing the above logical operations associated with cross-correlations and accumulating the result. If the total 
number of cells (or elements) on an FPGA is given by m, approximately a of these are used to perform a single XOR 
operation with a utilisation of u and the device is clocked at a rate r, the total rate of possible XOR operations on a single 
FPGA is given by mur/a. For the latest FPGAs currently available the total number of cells can reach 106. Typically the 
number of cells required to perform an XOR operation is 40. Utilisation of the cells on the FPGA can be in the region of 
50 % and the devices can be clocked comfortably at 350 MHz. If the rate of XOR operations from an FPGA is equated to 
that required for beam-forming, the number of possible channels that can be beam-formed is given by Eq. 9, where 
NFPGA is the number of FPGAs used.  
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If the number of channels that can be beam-formed from Eq. 9 is substituted in the radiometer equation, Eq. 1, the 
number of beam-width pixels that can be generated is given by Eq. 10. This equation links the key parameters of the 
system, the number of pixels in the image, the radiometric sensitivity and the integration time. From this the performance 
of two envisaged imagers using future FPGA devices is shown in Table 1 for an integration time of 100 ms. The first of 
these is an all-weather flying aid which requires an image of several thousand pixels at video rate with a radiometric 
sensitivity of several Kelvin. The second is a security screening imager for operation at video rate where a smaller pixel 
count image may be sufficient, provided there is sub-Kelvin radiometric sensitivity for the detection of non-metallic 
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threats. The standard video rate of ~25 frames per second would be required for a final product but for the purpose of 
this analysis and for a possible next phase demonstrator a lesser frame rate of 10/s is used as this is easier to implement. 
Normally beam-width pixels are over-sampled by a factor of two or three, to make the image easier to interpret. This 
effectively increases the number of pixels in the image by a factor of 4 to 9 times greater than that indicated in Table 1, 
giving the system performances similar to those of existing high quality quasi-optical millimetre wave imagers.   
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The column 6 in Table 1 indicates the power of the FPGA in terms of Logical Operations per Second (LOPS), giving this 
rate for the existing 32-channel, 22-GHz aperture synthesis imager as 0.6 TLOPS (which uses a single Xilinx Vertex 5 
FPGA) and a possible 8 TLOPS for the Vertex 7 capability. The table indicates that a small number of FPGAs could be 
used to process the data from a powerful TRL 6 prototype of PMMW imager. The cost of a single FPGA is in the region 
of £2K but non-recurring engineering costs associated with the FPGA programming, the design of their circuit boards 
and their evaluation can be considerable.  

 
Equivalent bench marking of GPUs also indicates their suitability for digital beam-forming, this technology being driven 
by the requirements of high-performance GPU computing [7]. A GPU card specifically designed as a powerful floating 
point processor can be connected into the PCI Express Bus of a personal computer, giving the host machine a computing 
capability many tens of times that of the host Central Processor Unit (CPU). Technology roadmaps from the 
manufacturers of GPUs indicate the processing power is currently at 5 TFLOPS and this will increase to 20 TFLOPS by 
the year 2015 [7], for a single GPU card that occupies the space of two PCI Express Bus expansion slots. It can be seen 
from column 6 of Table 1 that if a single floating point operation of a GPU is used to perform a single logical operation, 
the GPU can deliver the requisite processing power for next generation PMMW imagers. Furthermore, through data 
encoding there is potential for a single floating point operation to perform a number of logical operations simultaneously, 
thus improving still further the efficiency of the GPU for this application. Currently the cost of GPUs with these kinds of 
processing powers is under £500 each. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A further DSP resource that may be accessed for the building of demonstrators is the hardware developed for radio 
astronomy aperture synthesis systems. A number of organisations within the radio astronomy community have 
developed high-speed processors with gigahertz of bandwidths that perform cross-correlations and Fourier transforms for 
beam-forming [8],[9]. These devices use one to several FPGAs per system and have very considerable processing 
capabilities which meet many of the requirements in Table 1.  It is likely that these DSP resources may be accessed for 
use in demonstration aperture synthesis imagers for the cost of the materials and assembly, as much of the design, de-
risking and troubleshooting has already been completed by the wider radio astronomy community.     

Table 1. The radiometric sensitivities, numbers of beam-width pixels, data rates, and logical operation rates 
of current and future digital beam-forming PMMW imager systems for a 100 ms integration time 

Imaging System 
Timescale 

(TRL) BRF NC 
Data rate 

2NCBRF 
Logical operation rate 

(2NC
2 BRF) NPIXELS 

Radiometric 
Sensitivity 

[K] 

Current Lab Demo 
System 

(TRL 4) 300 MHz 32 19 Gigabits / sec 
6.14 x 1011 / sec 

(single Vertex 5 FPGA) 
136 1.3 K 

All-weather flying 
aid demonstrator 

2 Years 

(TRL 5) 
220 MHz 141 62 Gigabits / sec 

~ 8.74x1012 / sec 

(single Vertex 7 FPGA 
or GPU) 

5614 10 K 

Security screening 
demonstrator 

2 years 

(TRL 5) 
2 GHz 45 

180 Gigabits / 
sec 

~ 8.10 x 1012 / sec 

(single Vertex 7 FPGA 
or GPU) 

280 500 mK 

Prototype 
5 years 

(TRL 6) 
2 GHz 955 

3.82 Terabits / 
sec 

~ 3.65 x 1015 / sec 

(8 FPGAs / GPUs) 
6000 500 mK 
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7. THE PERSONAL COMPUTER (PC) 

The role of the personal computer in the next generation PMMW imagers will be to control the system and if the data 
buses have sufficient carrying capacity, to transfer raw sampled radiometric data from the ADCs to the DSP. The current 
PCI Express Bus has a maximum data transfer rate of 64 Gbits/sec (16-lane PCI-e bus version 2.1), but this rate can only 
be realised by the efficient programming of the data packet transfer. It can be seen from column 5 of Table 1 that such a 
transfer speed may handle the raw data carrying capacity of the envisaged TRL 5 all-weather flying aid demonstrator. 
However, the other future systems exceed the current carrying capacity, so either an upgrade of the PCI Express Bus 
would be used or the ADCs would have to pass data directly into the DSP, with only integrated data being transferred 
from the DSP to the computer through, for example, an Ethernet link, as is used in the existing 32-channel aperture 
synthesis imager [1].  

8. SUMMARY AND CONCLUSION 

The building of follow-on digital correlation beam-forming PMMW imagers to enable planar format systems that can be 
integrated into surfaces for security screening, all-weather capabilities and space applications is affordable, if resourceful 
use is made of commercially available mass-market technologies. Using the feeds from satellite LNBs (as antennas), the 
mixers and the RF and IF amplifiers (as receivers), a low cost aperture synthesis antenna/receiver array can be built. 
Using high-speed clocked comparators (as single bit ADCs) the electric fields from this antenna/receiver array can be 
sampled with high bandwidth (1 – 10 GHz) at relatively low cost. Using a single state-of-the-art commercially available 
FPGA or GPU, all the required digital signal processing can be done for the envisaged follow-on TRL 5 aperture 
synthesis PMMW imagers, to generate images with thousands of pixels at video rate. The complete integrated system 
may be driven from a standard PC where the high bandwidth transmission capability of a PCI express bus can handle the 
high data flow rate for this architecture of imager.    
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