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ABSTRACT  

We discuss the application of recently developed 670 GHz low-noise amplifiers based on InP HEMTs to passive indoor 
imaging. Packaged LNAs were integrated with commercial zero-bias diodes, and accurate measurements of system 
noise-equivalent temperature difference (NETD) made, using blackbody sources. The NETD values are compared with 
independent prior measurements (Deal et al. 2011) of LNA gain, noise figure, and bandwidth, and with cryogenic 
bolometer measurements made in the same test conditions. Currently, the LNA gain is not sufficient to render the ZBD 
noise negligible; measurements are presented that separate the two components. Low-frequency noise measurements are 
also presented that display the effects of 1/f noise in the ZBD and gain variations in the LNA. The implications of the 
low-frequency noise are discussed in terms of scanning or beam-steering strategies for an imager based on the LNAs. 
Raster-scanned, single-pixel images of indoor scenes are presented. They are quantitatively interpreted in terms of 
NETD, and angular resolution and coupling efficiency of the optics.  
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1. INTRODUCTION  
Active and passive imaging at millimeter-wave (mmw) and submillimeter-wave (submm) frequencies, i.e. > 100 GHz, 
has been of interest for over two decades [1] in terrestrial applications such as personnel screening for concealed 
contraband and landing aids in brownout[2]. Passive imaging, i.e. radiometry, requires considerable sensitivity, since the 
radiometric temperature contrasts in question are well below1K, and available integration is often below 1s, particularly 
if real-time video is required or scanning is employed in order to reduce pixel count. The tradeoffs between different 
sensor technologies with the needed sensitivity are well known: heterodyne down-conversion has high complexity and 
cost, due to the high frequency LO required at each signal channel, cryogenic array systems have high size, weight, and 
power needs due to the closed-cycle refrigerators employed, and pre-amplified direct detection has until recently been 
confined to W-band or lower frequency because of the lack of low-noise pre-amps.  

However, major investments have been made in high frequency transistor development over the last 3-5 years [3].  
These have now begun to pay off, both in terms of the frequency performance of discrete transistors, as indicated in 
Table 1, and in terms of useful amplifier performance (30 dB gain, 13 dB NF) at frequencies up to 670 GHz [4]. The 
development was undertaken with active systems (i.e. radars) in mind, and submm radars that have been demonstrated  

Table I. Summary of THz transistor results obtained in the past few years. 
Process fT(GHz) fmax(GHz) Reference 
NGAS 30nm InP HEMT 600 1200 Deal 2011 [4] 
TSC 130 nm InP HBT 520 1150 Urteaga 2011 [5] 
TSC 250 nm InP HBT 350 600 TSCrev1 “datasheet” 
IHP 130nm SiGe HBT 300 500 Rucker 2012 [6] 
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in the past [7] are now being adapted to incorporate the new technology.  The same amplifiers can be applied to passive,  

i.e. radiometric, imaging systems and that is the question addressed in the present work.  We find, as detailed below, that 
the sensitivity of the amplifiers (1/f noise in particular) is sufficient to enable an uncooled passive system based upon 
them to provide the same image quality as cryogenic bolometer arrays (in indoor contraband detection applications). 

Pre-amplified Direct Detection 

The goal of uncooled mm-wave detectors, simple, array-compatible, and low-cost, with sufficient sensitivity for passive 
radiometry has been actively pursued in the past. Notably, DARPA’s MIATA program[8] resulted in uncooled zero-bias 
diode (ZBD) arrays for the 100-200 GHz band whose noise-equivalent temperature difference (NETD) approached 2K. 
Though not quite sensitive enough to use alone for indoor real-time imaging, it was found that those detectors could be 
combined with low-noise amplifiers into a small module that provided NETD < 0.5 K [9]. A key issue for such modules 
is low-frequency noise, from both the zero-bias diode (which is not at exactly zero bias in operation) and the high-
frequency amplifier.  

The present work takes the same basic approach, combining a high-frequency, but relatively low gain, low-noise 
amplifier (LNA) with a sensitive zero-bias diode.  We adopt the same notation and analytic framework as [9]. An 
important, and sometimes underappreciated, aspect of that analysis is that purely low-frequency measurements at the 
ZBD output are sufficient to calculate, not only the noise-equivalent temperature difference (NETD), but also the pre-
amp’s noise temperature and bandwidth. To obtain these three performance metrics, three low-frequency measurements 
are required: the DC (“self-bias”) voltage on the ZBD, V, the change in this voltage with scene temperature, dV dTs  
and the white noise added to this voltage when the LNA output is applied SV . Of course, the bandwidth and noise 
temperature (as well as the RF gain) may also be obtained directly from RF measurements, for example with a vector 
network analyzer. Some low-frequency measurements have been very briefly presented in a separate submission[10]; 
these are supplemented here with a comparison to separate direct VNA measurements.  

2. MEASUREMENTS 
2.1 Components and setup  

The packaged LNA’s, designed and fabricated at Northrop Gruman, are described in [4].  Two separate units were 
included in this study, denoted 2-1 and 2-2, the latter displaying significantly lower gain (~ 3dB) than the former. The 
ZBD is a commercial unit, with a measured zero-bias resistance of  R0 = 1.75 kΩ   and nominal responsivity of 
β = 750 V W , (referred to the input flange). Both ZBD and LNA are packaged in WR-1.5 rectangular waveguide 
blocks, with standard UG-387 flanges at input and output. The ZBD responsivity was not independently measured; its 
frequency dependence and its deviation from the nominal value introduce some uncertainty into the comparison between 
low-frequency and RF data (see §3.1 below). 

 

 

Fig. 1 Experimental configuration for imaging measurements 
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The low-frequency (video) output of the ZBD is fed to a low-noise (gain=100, 1.4 nV/Hz1/2) bipolar preamp, and 
thence to a lockin amplifier for imaging or radiometric (thermal) responsivity measurements, or to an audio 
spectrum analyzer for low-frequency noise measurements. No Dicke switch is included in the LNA input, so simple 
optical chopping, at 50 Hz, is used to modulate the input signal and partially cancel radiometric drifts and offsets. A 
significant, but easily eliminated, artifact is introduced by the LNA’s imperfect input match (S11), when the chopper 
blade is aligned at particular orientations, where emission from the waveguide is coupled back into it. The antenna is 
a commercial, WR1.5 pyramidal horn with 3.63 x 2.77 mm entrance aperture, nominal gain of 25 dB, and 90% 
encircled beam radius (in the far field) of 10o. 

2.2 Low-frequency measurements: “self-bias voltage” and thermal responsivity 

The “self-bias” voltage in a preamplified direct-detection module is primarily caused by rectification in the ZBD of the 
LNA’s amplified input noise, integrated over the LNA bandwidth. Using the formalism of  [9] ,  

 V = GβSa df
0

∞
∫   (1) 

where G  is the LNA gain and Sa  the total available noise power spectral density (PSD) referred to the LNA input: 
 Sa =αk Ts −T0( ) + FkT0 .   (2) 

Ts  and T0  are the scene temperature and reference temperature (290 K), k  Boltzmann’s constant, F  the LNA noise 

factor (i.e. noise figure in linear units), and α =
S21

2

1− S22
2( )  describes the effects of the antenna and input transition in 

terms of their S-parameters. The second term in (2) greatly dominates the first when viewing scenes near room 
temperature, although the first term is responsible for the radiometer’s operation as a passive imager. The thermal 
responsivity, using the same definitions, is given by  

 dV dTs = k αGβ df
0

∞
∫ .   (3) 

This is essentially the LNA’s gain-bandwidth product (adjusted for the transmittance of the antenna and transition.) The 
measurement results for “self-bias” voltage and thermal response of the radiometer using each of the two LNAs 
(separately) are shown in Fig. 2. The self-bias voltage is simply the difference in DC output of the ZBD when the LNA 
is turned on and off. The small offset seen when the LNA is off is real and due to rectification of the video preamp’s 
input bias noise in the ZBD.  The thermal responsivity was measured simply by placing loads of submm absorber 
material (Emerson-and Cuming, AN-72) cooled to liquid nitrogen (LN2) temperature in a Styrofoam container, directly 
in the antenna beam, immediately after the chopper. The loads were substantially oversized, to ensure the entire beam 
was terminated at T = 77 K.  The raw lockin output is shown at the right of Fig. 2. This is converted to the module’s 
radiometric responsivity using 

 
dV
dT

= π
2
Vlockin
ΔT

 . (4) 
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Fig.2. Self-bias voltage (left) and thermal response (right) of the radiometer, using each of the two pre-amps LNA  
2-1 and 2-2 separately. The rectified noise voltage was measured at DC, the thermal response at a chopping 
frequency of 50 Hz. In both figures, the sign of one unit’s response has been inverted for clarity.  

The factor of π 2  arises from standard lockin calibration; using ∆T=213K yields the responsivity values of 55.6 nV/K 
and 24.7 nV/K for units 2-1 and 2-2 respectively. 
 
2.3 Imaging 

Radiometric responsivities in the 20-50 nV/K range suggest that, with careful attention to low-noise techniques, high 
quality images can be obtained from targets with internal temperature contrasts of order 1 K, typical of indoor scenes. A 
substantial number of such passive images have been acquired by raster-scanning the primary mirror as shown in Fig. 1. 
Targets include human figures against a large plywood background and NIST’s Aqueous Blackbody Calibration (ABC) 
source[11] against a (cluttered) laboratory background. Human figure images are shown in Fig. 3 and an ABC image in 
cFig. 4. In the human figure images, the lower left corner is actually a reflection in the optical table (boundary barely 
visible in (b) and possible (c)). The ABC source’s design is optimized for 200-400 GHz. Its accuracy at 650 GHz is 
therefore not necessarily any better than the LN2-cooled absorber that was actually used for the calibration. The mirror is 
a 30 cm diameter, 1 m focal length (50 cm radius of curvature) spherical aluminum mirror. Nominal distance from horn 
aperture to mirror vertex was 68 cm, distance from vertex to nominal target plane, 1.2 m. Use of a spherical mirror off-
axis does introduce a certain amount of astigmatism. Prior submm imaging experiments (using cryogenic bolometers) 
have shown this issue to be minor. 

 

a b 
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Fig. 3. Scanned single-pixel images of a human subject using the radiometer module (a,b,c), and visible image 
corresponding to (c). Scan parameters were 300 ms/pixel time constant, 4.2 kpixels, 22.5min total acquisition time 
for (a), 100 ms/pixel, 4.2 kpixels, and 14.0 min for (b), and 100 ms/pixel, 16.6 kpixel, 28.0 min for (c). 

The radiometric temperature scale for all images was obtained by placing the LN2-cooled absorber in the target plane 
and repeating the measurement of §2.2. This indicated an aperture efficiency for the primary mirror of 65%, somewhat 
lower than the 90% expected from the feedhorn beam and the optical configuration. Each pixel in the 65 x 65 images 
shown in fig. 3a and 3b covered a 12.0 x 12.0 mm area, which represents the spatial resolution of the images. The 
indicated per-pixel standard deviations were evaluated simply from the upper left 19 x19 cm corner of the image. It 
therefore includes fluctuations unrelated to the module’s noise, including real variations in background temperature, 
electromagnetic interference, etc. Although this clearly indicates that the module’s noise performance is potentially 
promising for uncooled imaging of indoor scenes, a rigorous evaluation requires measurement of its noise power spectral 
density (PSD). 

 

Fig. 4. Scanned single pixel image of the NIST ABC source (nominal radiometric temperature 60 C), superimposed 
on a visible image of the source, surrounded by its lab environment. 

c 
d 
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2.4 RF measurements 

 
Fig. 5. RF measurements on LNA 2-2. The red points display S21 measured on a vector network analyzer, while the 
blue and green points display gain and noise figure respectively from Y-factor measurements. 

Figure 5 shows frequency-dependent gain and noise figure measurements from one of the units. S-parameters where 
measured using a commercial vector network analyzer with waveguide extension modules. Separately, hot/cold 
receiver measurements were made (over 600-700 GHz) using a swept local oscillator and a low-frequency (250 
MHz IF system. The latter provide both noise factor and an independent gain measurement. The two gain 
measurements are reasonably consistent given the completely independent calibration for the two techniques, with 
the notable exception of a “suckout” at 625 GHz appearing in the H/C measurements but not the S-parameters.  
From the irregular shape of the bandpass (not unusual for very high frequency amplifiers) it is clear that 
relationships between quantities like (1) and (3), that are weighted averages over frequency, may have limited 
accuracy (reflecting varying definitions of bandwidth). 

2.5 Low-frequency noise measurements 

For noise measurements, the (unchopped) feedhorn beam was terminated in room temperature absorber. The left panel 
of Fig. 6 displays voltage noise spectra from the module for each of the two LNA’s, the spectrum produced by the ZBD 
alone (i.e. with LNA turned off), and the spectrum produced by the audio frequency amplifier alone (input shorted), 
along with fits to each spectrum. The right panel shows the same data for the two LNA’s, but referred to radiometric 
input temperature using the thermal responsivity values mentioned above. It thus comprises the NETD spectrum. 

The PSD spectra SV f( )  consist of white noise Sw  combined with a low-frequency component that is well-
approximated by a 1/f spectrum, S1/f.  The “knee” frequency, where the two components contribute equally, lies at 500 
and 100 Hz for LNA2-1, and LNA2-2 respectively. The white noise is dominated by Johnson noise of the ZBD, 
4kT0R0 = 5.4 nV Hz1/2 . However, it displays a small but significant increase, when the LNA is turned on. Referring 

again to [9],  

Proc. of SPIE Vol. 9078  907809-6

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/09/2014 Terms of Use: http://spiedl.org/terms



LNA Low - frequency Noise

Q
O

10 100

Frequency (Hz)

1000 10'

t

io

i

0.7

LNA Low -frequency Noise

70 700

Frequency (Hz)

1000 10`

 
 

  

 SV = 4kT0R0 + 2 GβSa( )2 df
0

∞
∫ + S1

f
  (5) 

where the first two terms Sw = 4kT0R0 + 2 GβSa( )2 df
0

∞
∫   comprise white noise, the first being Johnson noise of the ZBD 

and the second reflecting the LNA’s input noise, which disappears when the LNA is off. Because the white noise is 
dominated by the ZBD, the PSD levels are nearly the same for the two units, but because of LNA 2-1’s higher thermal 
responsivity, this level corresponds to a significantly lower white noise “floor” in NETD. 

 

Fig. 6. Low-frequency noise spectra of the radiometer output, with LNA 2-1 or 2-2 (separately) installed. Raw 
voltage noise spectra are shown at (left). At (right), these same data is displayed in terms of radiometric temperature 
referred to the input, using the thermal responsivity shown in Fig. 2. 

The low frequency component of the PSD is dominated by noise that disappears when the LNA is turned off.  At 50 
Hz, where the images of Figs. 3 and 4 were acquired, this component is dominant. Though superficially LNA2-1 
displays significantly higher 1/f-noise than LNA2-2, this is merely a result of its higher gain, like its higher 
radiometric responsivity and VDC. When referred to radiometric temperature at the input, the two units display the 
same level of 1/f-noise, within the uncertainty. The 1/f noise arises from two sources, gain fluctuations in the LNA, 
and 1/f noise in the (self-biased) ZBD. These cannot be separated with the present suite of measurements 

3. DISCUSSION 
3.1 Agreement between RF and low-frequency measurements  

In Table 2 we directly compare, for the three major radiometer characteristics discussed in §1.1, the values predicted by 
the RF (hot/cold) measurements (eqns. (1), (3), and (5) above) and those directly measured at low frequency, on LNA2-
2. Measured values for LNA2-1 are included for completeness. Agreement is reasonably good, considering the many 
uncertainties involved in the comparison. In all cases, the low-frequency measurements are somewhat higher than the 
predictions; the most straightforward explanation is that the nominal value of β  that was assumed for the ZBD (750 
V/W) is somewhat low. However, since V  and dV dTs  scale linearly with β  while the white noise scales 
quadratically, the actual explanation no doubt includes more than one effect. The fact that the noise measurement first 
involves a fit to remove the 1/f noise, and then subtraction of the ZBD component (see eqn. (5)) makes that comparison 
particularly uncertain. 

Table 2. Comparison of RF and low-f radiometer measurements 

Quantity [unit] Predicted from RF 
LNA2-1 

Measured at low-f 
LNA2-2 

Measured at low-f 
LNA2-1 

V µV[ ]  198 276 535 

Sw − 4kT0Rd( ) nV Hz1/2⎡⎣ ⎤⎦  2.03 2.80 2.41 

dV dTs nV K[ ]  19.4* 24.7 55.6 

* Predicted using α = 1  for the antenna and transition 

Proc. of SPIE Vol. 9078  907809-7

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/09/2014 Terms of Use: http://spiedl.org/terms



 
 

 
 

3.2 NETD 

The noise spectrum, referred to radiometric input temperature, yields the NETD spectrum. Turning this spectrum into a 
single number is ambiguous; the NETD displayed in an image depends on the acquisition protocol (i.e. the integration 
time and interval between calibrations). However, for purposes of device comparison it is common, and in the authors’ 
opinion highly recommended, to define a “reference” NETD, corresponding to the value of the NETD spectrum at 30 Hz 
and an unapodized integration time of τ = 1/ 30 s   

 NETDref =
NETD f = 30Hz( )

2τ
.   (6) 

This figure-of-merit comes out to 1.8K for LNA2-1 and 1.9 K LNA2-2.   
 
With an optimal acquisition protocol, the NETD would be limited by the white noise due to the LNA’s noise figure, i.e. 
the second term in eqn. (5). This requires sampling the noise spectrum at high enough frequency that 1/f noise is 
negligible and increasing the LNA gain enough that the contribution from the ZBD Johnson noise is negligible.  In that 
case, the NETD spectral density (second row of Table 2 divided by third row) would come to 0.043 K/Hz1/2 (for LNA2-
1). Given the N1/2 penalty in NETD paid when scanning an image, this can accommodate scanned acquisition protocols 
with as many as N~135 image pixels scanned (per frame) by a single radiometer channel, while still keeping the image 
NETD to 0.5 K or below. (This is a reasonable sensitivity threshold for attaining clutter-limited radiometric resolution in 
indoor environments).  Useful image sizes (say 10 kpixel, see images in Fig. 3) can therefore be acquired by modest-
sized (10’s) arrays of radiometer channels. 
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