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Mm / Sub-mm Waves 
• Rigorous definition of Mm and Sub-mm wave: 

• Mm: 30-300GHz
• Sub-mm: 300-3000 GHz (1THz= 1000GHz)

• THz range less well defined ~ 0.1-10.0THz 

• Properties:
• reflected by metal, but optically opaque materials can appear transparent (such as 

packaging, soil, brick, fabrics etc); 
• non-ionising (and therefore safer than X-ray);
• many substances have a readily identifiable frequency “fingerprints” in this range, 

therefore identification and inspection solutions are possible.

• Primary concerns:
• Atmospheric attenuation
• Absorption by: skin, clothing, packaging

• Technology maturity:
• Sensors : detectors for heterodyne or direct detection systems; room temperature and 

cryogenically cooled
• Antennas : integrated lens antennas, focal plane arrays
• Sources : up-converters, tubes, lasers, optical down-converters
• Amplifiers : high frequency Low Noise Amplifiers
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Imaging Applications
• Security : Concealed object and substances detection
• Intelligent/interactive Spaces: activities monitoring

• Acquisition time and dimensions:
• People screening in public places (airports, stadiums, public 

buildings, etc.): acquisition time up to few seconds, no major 
limitations in dimensions.

• Covert operations (police and army anti-terrorism/criminal 
operations): real time (video rate: 30-100 ms), preferably portable or 
anyway of reduced dimensions.
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Imaging Applications

• Medical : Cancer detection (in/ex-vivo); Intra-operative imaging (ex-vivo)

• High lateral resolution (increasing with frequency).

• Penetration in the human body (decreasing with frequency).

• Possibility to detect also cancer biomarkers.
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Imaging Applications

• Space Science and Radio-astronomy

• Very high sensitivity.

• Very high angular resolution.

• Imaging of very large areas (need for very large arrays of antenna/detectors).

• Large frequency bandwidths.  

SPICA – SAFARI
FIR Imaging Spectrometer

SKA
Phased Array - Interferometer
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Imaging Applications

• Plasma diagnostic systems (thermonuclear reactors)

Electron Cyclotron Emission Imaging TEXTOR Tokamak - Julich, Germany

• 1D (16 elements) focal plane array
• Freq. range 110-130 GHz; 1 cm. resolution
• Real time

Passive millimetre wave imaging system to measure the electron temperature 
profile and fluctuations.
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Issues for Real Life Applications
Atmospheric attenuation at sea level pressures

R. Appleby, H. B. Wallace, “Standoff Detection of Weapons and 
Contraband in the 100 GHz to 1 THz Region”, IEEE Trans on 
AP, Vol. 55, No. 11, Nov. 2007

1 THz100 GHz
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Issues for Real Life Applications
Clothing absorption

Denim

Leather

T-shirt

• A passive system that is required to 
penetrate all types of clothing will need 
to operate below 500 GHz.

• An active system might operate up to 
1-2 THz, but would require power levels 
sufficient to detect the diffuse reflectance 
from materials such as explosives.

R. Appleby, H. B. Wallace, “Standoff Detection of Weapons and 
Contraband in the 100 GHz to 1 THz Region”, IEEE Trans on 
AP, Vol. 55, No. 11, Nov. 2007



18 January 2010Mm and sub-mm wave imaging systems9

Imaging: Radiometry versus Radar

• Radiometer

• Measure the thermal electromagnetic emission by a certain scene under observation.

• For the image reconstruction it is important to have a high temperature resolution.
Only the amplitude of the signal is used and not the phase. 

• Passive:
• No need for power generation;
• Limitations in absence of natural illumination;
• Problems with attenuation introduced by 

clothes and other packaging materials at 
mm/sub-mm frequencies.

• Active
• Power generation and EM effects;
• Reflectivity of objects is strongly dependent on the angle of incidence of the 

illuminating power (specular effects and unpredictable brightness).
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Imaging: Radiometry versus Radar

• Radar

• Both amplitude and phase information are used. This allows also to obtain range 
information (depth).

• The image is reconstructed form the range data and is independent of the amount power 
that is reflected. This eliminates the problem of the specular brightness ambiguity.

• Only active (Tx and Rx)

Active radiometric measurements:
a) frontal; b) rotated of 20 degrees.

Radar measurements
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Imaging Systems

• Imaging with Phased Arrays

OUTPUTS FOR 
INDIVIDUAL 

BEAMS

EACH CORRESPONDING 
TO DIFFERENT 

DIRECTION

ANTENNA 
ELEMENTS

BEAM FORMING 
NETWORK

• The outputs of the array elements are summed up coherently to obtain multiple directive 
beams pointing in different directions (providing the different pixels of the image).
• Scanning can be performed electronically (resorting to a digital beamforming approach) with 
very high acquisition speed.
• Complexity and cost are very high and still prohibitive at mm/sub-mm wave frequencies.

• High number of elements to achieve the desired angular resolution and wide band 
performances to get the required range resolution.
• High level of integration required to allow compact array elements packaging. 

Phase front

f 0 f 5f 2 f 3 f 4f 1 f 6 f 7

q
d
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Test Case

• Imaging system (radiometer) 
for security applications:

• Imaging area: 1 x 2 m
• Resolution: 1 cm2

• Sensitivity (temp. res.): 1K
• Acquisition time: compatible 

with video rates (30 – 100 ms)

tB

T
T SYS=D

• Assuming:
• Bandwidth (B) = 10 GHz
• System Noise Temperature TSYS = 900 K

• Receiver Noise Temperature = 400-500 K
• Antenna Temperature � 400-500 K t = 0.08 ms

fLO

fIFfRF

~ Local Oscillator

RF Amplifier IF Amplifier
Square-Law 

Detector

Low-Pass 
Filter

Transmission 
Line

MixerAntenna

Receiver

PSYS = P’A + P’REC = k (T’A + T’REC) B

Freq. � 300 GHz
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Imaging Systems

• Imaging with Mechanically Scanned Single-Element

MOTORS

Antenna scanned in 
two dimensional plane Antenna scanned vertically + rotating 

mirror for horizontal scanning

• Image acquisition time = t * Npix = 0.08x10-3 * 2x104 = 1.6 sec.
• Mechanical problems
• Too high for real-time applications
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Imaging Systems

• Imaging with Focal Plane Arrays

FEEDS

FOCUSING ELEMENT

RADIOMETERS

1 BEAM PER 
ELEMENT

Array of detectors located in the focal 
plane array of a focusing system

• Assuming an integration time of 0.08 ms, in 
a frame time of 30 ms, it is possible to take 
375 partial images. 

• In order to produce the final image of 2 x 104

pixels, each partial image should contain:

2 x 104 / 375 � 54 pixels

A focal plan array of 54 elements would be able to produce a real time image. 
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DqDqDqDq=q=q=q=q3dB

qqqq3dB=lll l 0/D

DqDqDqDq====d /F
+

d = lll l 0 (F/D)

Similar efficiency for different F/D:

Cosq(qqqq)

F/D q qqqq0

(F/D)=1

Spill over 
efficiency 

58%

Feed pattern: Cosq(q); aperture (l xl) � q=5

Imaging with Focal Plane Arrays
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Imaging Systems

• Imaging with MIMO arrays

• M transmitters and N Receivers can be used to synthesise apertures of various geometries 
comprising M x N arrays of phantom elements.

• The transmitted signals from each of the M transmitter antennas must be separable in receive.

• For far field targets, signals from the bi-static 
pair would be equivalent to signals received from 
a TRx (Phantom) element positioned between the 
Tx and Rx elements of the bi-static pair.
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Imaging Systems

• Imaging with MIMO arrays

• Significantly fewer elements than the equivalent phased array. 
• Substantial cost savings;
• Reduced weight and easier integration on a platform.

• If the separation is achieved with frequency multiplexing the step order can be 
randomised to provide ECCM capability. The transmit aperture appears as spatially 
varying band limited noise.

• Increased processing burden:
• high resolution needs large bandwidths (large number of frequency steps);
• long range require a suitable dwell time at each frequency;

Results in long intervals between updates and consequently difficulties in Doppler 
processing for fast moving targets.
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Conclusions
• Mm and sub-mm waves have peculiar characteristics which make them particularly suitable 

for imaging systems applicable in several fields:
• Security
• Medical
• Space
• Plasma diagnostics
• Non intrusive/destructive testing 

• Different techniques can be applied:
• Radiometry (active and passive)

• Measure of thermal electromagnetic emission: the image is reconstructed only 
by using the amplitude of the signal.

• Radar Imaging (only active)
• Both phase and amplitude of the signal are used: the image is reconstructed on 

range data, avoiding specular effects and unpredictable brightness. 

• These techniques can be implemented with different systems:
• Single mechanically scanned detectors
• Focal plane arrays
• Phased arrays
• MIMO arrays


