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Abstract - A compact submillimeter wave 
transmission/reflection measurement system has been 
demonstrated at 560-635 GHz, with electronic tuning over the 
entire band. Maximum dynamic range measured at a single 
frequency is 100 dB (60 dB typical), and typical phase noise is less 
than +/- lo. By using a frequency steerable lens at the source 
output and mixer input, the frequency agility of the system can be 
used to scan the source and receive beams, resulting in near real- 
time imaging capability using only a single pixel. 

Index Terms - Submillimeter wave imaging, Submillimeter 
wave mixers, phase measurement. 

I. INTRODUCTION 

Vector network analyzers (VNAs) have been used for 
decades for electrical characterization of transmission line 
components [I ,  21 and bulk materials [3-51. To date, swept 
W A S  are commercially available only up to 325 GHz with a 
dynamic range of 40 to 50 dI3 at the highest frequencies [6-81. 
VNAs with hgher hequency capability are available but 
utilize mechanically tuned Gunn oscillators and hence have 
very limited electronic tuning capability [SI. 

The instrument described here uses multiplied 
submillimeter-wave sources derived from low-cost microwave 
synthesizers. The phase reference is generated at low RF 
hequencies, reducing the amount of submillimeter-wave 
hardware required. By judicious choice of IF hequencies, a 
significant amount of commercial off-the-shelf 
communications hardware could be utilized in the instrument, 
further reducing cost. The rapid frequency tuning capability of 
this system can be employed to provide fast image acquisition 
by using a dispersive lens designed to steer the transmit and 
receive beams in one dimension as a function of frequency. A 
complete image can then be acquired via frequency sweeping 
and mechanical scanning in only one dimension. 

11. MEASUREMENT SYSTEM 

The vector measurement system uses X36 multiplication as 
the signal source and a subharmonically-pumped mixer (LO G 

fSIG/2) as the signal downconverter [lo]. The signal and LO 
are derived from a pair of microwave synthesizer modules 
having a tuning range fiom 14 to 18 GHz and step size of 250 
kHz. Both synthesizers are multiplied by a pair of Millitech 

X6 active multipliers. The resulting 100 GHz signals are then 
amplified by about 20 dI3 by a pair of MMIC power amplifiers 
[ I I ,  121. The amplified signal is then multiplied by X6 
(signal) or X3 (LO) by a set of doublers and triplers developed 
for the Herschel Space Telescope instrument [13]. Both signal 
and LO synthesizers are controlled from a laptop PC via a 4 
wire synchronous serial interface, using the PC parallel port 
and a custom driver written in Visual Basic. The frequencies 
of both synthesizers are adjusted so that a constant IF 
frequency of 450 MHz is generated at the IF output of the 600 
GHz mixer. 

To avoid the need for submillimeter hardware to produce 
the phase reference signal for the system, coupled output from 
the two synthesizers is mixed directly. The resulting 12.5 
MHz sub-IF is then multiplied 36 times, the same factor as for 
the synthesizer outputs. The multiplier used is a transmitter 
exciter board extracted from a General Electric “Mastr 
Executive 11” commercial two-way mobile transceiver. These 
surplus units are widely available for -$loo, while a custom- 
built X36 multiplier for the same frequency range would cost 
over $4,000. Since the exciter was originally designed to meet 
Federal Communications Commission spectral purity 
standards for transmitters in the Land Mobile Radio Service, 
the spurious level output from the multiplier (< -60 B c )  is far 
below what is required for the measurement system. The low- 
cost synthesizers used in t h s  system have poor phase noise 
characteristics (-54 dBc/Hz @ +/- 1 kHz), and as a result the 
hghly multiplied 450 MHz IF signals are actually 
indiscernible horn the accompanying phase noise when viewed 
on a spectrum analyzer at any resolution bandwidth. 
Therefore it is necessary to reference both the signal and 
reference IFs to a stable source before detection [14]. This is 
accomplished by shifting the 450 MHz reference 12.79 MHz 
down in frequency using a fundamental crystal oscillator, 
mixer and bandpass filter, and then mixing the resultant 
437.21 MHz signal with the 450 MHz IF signal. Since the 
phase noises of the shifted 437.21 MHz and 450 MHz IF 
signals are totally correlated, mixing the two signals cancels 
out that noise, leaving a 12.79 MHz signal that has the same 
amplitude and phase characteristics (minus the synthesizer 
noise) as the 450 MHz IF signal. 
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Fig. 1. Block diagram of measurement system. 

It should be noted that any 450 MHz reference signal 
passing through the 43'7.21 MHz bandpass filter will be 
downconverted at the 450 MHz signal mixer, resulting in 
crosstalk and loss of dynamic range. It is therefore absolutely 
essential that the 437.21 MHz filter have extremely high 
rejection at 450 MHz. The chosen filter, a Motorola 
TFE6213A (extracted from a Motorola "Micor" 
communications radio, price 4 5 )  is very small yet has over 
100 dB of rejection at 450 MHz. The relatively high loss of 
this filter (10 dB, due to the small size vs. high Q) is easily 
compensated for by additional amplification. 

The 12.79 MHz signal and reference channels are finally 
converted to -66 kH2 for detection by a Scitec model 442 
lock-in amplifier using a 12.86 MHz oscillator, isolation 
amplifiers, couplers and mixers. The lock-in amplifier 
h c t i o n s  as a variable bandwidth magnitude and phase 
receiver. Bandwidth and gain are also controlled by a laptop 
PC via a 9 bit parallel interface, while the vector X and Y DC 
outputs of the lock-in amplifier are read by an analog data 
acquisition card in the PC and converted to polar format. At 
maximum detection bandwidth, real-time acquisition speeds of 
over 3000 points per second are possible. 

111. PERFORMANCE TESTS 

To test the performance of the instrument and verify 
accurate phase measurement capability, the relative phase 
delays of several bulk materials were measured over 3 1 
frequencies from 560 to 635 GHz. By measuring the 
additional phase introduced by inserting the device under test 
(DUT) between the submillimeter source and mixer, an 
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TABLE I 
BULK MATERIAL MEASUREMENT RESULTS 

Material Thickness 6 ~ / 6 f  Dielectric % error 
(mm) ("IGHz) Constant from [I 51 

Teflon 14.55 7.73 2.080 1.3 
Polyethylene 25.1 16.35 2.379 2.4 

TPX 11.4 6.36 2.144 0.6 
HDPE 24.7 15.14 2.284 

Aerogel 16.5 0.47 1.048 



accurate determination of the rate of change of phase with 
respect to frequency S$/Sf; or time delay, was obtained using 

where 1 is the physical length of the material slab and SqYsf 
is the rate of phase change in degrees per Hertz. Table 2 
contains a summary of the dielectric constant measurements of 
5 bulk materials over 560-635 GHz, 3 which have well-known 
dielectric constants at submillimeter wavelengths [ 151. The 
relatively good agreement between the measured dielectric 
constant and the values given in [ 151 indicate proper operation 
of the system. 

IV. FUTURE WORK 

The subharmonic mixer used in this system was designed for 
the Microwave Limb Sounder instrument aboard the Earth 
Observing System Aura satellite launched in 2004. Although 
designed for wide RF bandwidth, it was also designed for use 
at only a single fixed LO frequency. Initially it was necessary 
to manually retune the mixer at each measurement frequency 
in order to couple enough LO power to drive the mixer into 
operation. By adding a 0.5 mA constant current bias path to 
the IF output circuit, it was possible to operate one of the two 
antiparallel mixer diodes at greatly reduced LO power, 
allowing totally automatic operation at the cost of degraded 
mixer performance. Clearly a modified mixer design that 
offered a wide LO bandwidth would yield superior 
performance. 

Although the microwave synthesizers enabled the system to 
operate as high at 648 GHz, measurements above 635 GHz 
were not possible. Although the mixer appeared to be well 
driven with LO power above 640 GHz as evidenced by 
observed reduction in bias voltage, it is possible that a 
undesired harmonic from the LO multiplier chain was in fact 
driving the mixer. As a result, no 450 MHz signal would be 
present at the submillimeter mixer IF output despite adequate 
LO power because that power was at the wrong frequency. 
Improving the bandwidth of the multipliers such that the 
desired harmonic is at least equal in strength to the sum of the 
powers of the undesired harmonics should provide adequate 
operation. 

In order for this single pixel measurement system to be 
usable for near real-time imaging, some form of electronic 
beam steering must be incorporated. One possible solution 
would be to raster scan the beam rapidly in one dimension 
using a frequency steerable lens [16] and slowly in the other 
dimension using a mechanical rotation stage. This would 
require frequency scanning at a rate of over 30 points per 
second. However, the low-cost synthesizers used in the 
current implementation have a switching speed of 100 

milliseconds. In addition, adjustments to the 100 GHz power 
amplifier biases are required during a frequency change to 
protect the submillimeter wave multipliers from possible 
damage caused by power spikes. The power supplies used are 
not designed for hgh-speed operation, so considerable delay is 
added as a result of the multiplier protection routine. 
Currently the maximum frequency stepping speed is about 5 
frequencies per second. By replacing the synthesizers and 
power supplies with hgh-speed units, stepping speeds 
approaching 100 frequencies per second should be easily 
obtainable. 

V. CONCLUSION 

A complete vector measurement system has been designed, 
constructed and tested over 560-648 GHz with a maximum 
dynamic range of over 70 db and acquisition speed of over 
3000 points per second. Through the addition of dispersive 
optics to the RF ports and use of faster synthesizers, the 
system would be well suited for near real-time active 
submillimeter wave imaging. 
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