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We describe the development of passive millimeter wave imaging sensors, operating atW band, that are
currently being manufactured for commercial markets using standard automated assembly processes. A
description of HRL Laboratories’ millimeter wave imaging chipset is presented, focusing on parameters
that limit sensor performance, such as detector 1=f noise, low noise amplifier noise figure, and gain drift.
We conclude with a discussion of ongoing research and development in passive millimeter wave imaging
and performance improvements that can be expected for future imaging sensors. © 2010 Optical Society
of America
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1. Introduction

For the past two decades researchers have leveraged
advances in compound semiconductors to develop
passive imaging sensors that operate within atmo-
spheric absorption windows in the millimeter wave
frequency band (30 to 300GHz). At these long wave-
lengths electromagnetic energy penetrates materials
that are opaque at shorter wavelengths. This phe-
nomenology enables video cameras that see through
fog, dust, smoke, clothing, and some building mate-
rials, making them suitable for a variety of applica-
tions. Cameras developed for commercial markets
have focused mainly on security screening (“virtual
frisking”) and cover many market segments such
as security at police stations, prisons, courts, embas-
sies, transportation terminals, as well as anti-theft
[1–3]. Cameras for military markets have tended
to focus on all-weather navigation [4,5], and espe-
cially on rotorcraft brownout for landing in dusty
or snowy areas [6]. Millimeter wave radiometers
have been used extensively for remote atmospheric
sensing and radio astronomy, but these niche mar-

kets typically require more sophisticated and expen-
sive sensors that utilize techniques such as Dicke
switching and cryogenic cooling to achieve thermal
resolution of a few milliKelvin. In contrast, radio-
meters that address commercial markets must be
as simple and inexpensive as possible while provid-
ing thermal resolution in the 0:3–0:5K range. Such
radiometers often rely solely on signal processing
schemes to improve image quality, for example by de-
tecting and correcting artifacts caused by random
drift of the radiometer outputs [7].

The choice of operating frequency depends on the
desired trades between device performance, spatial
resolution, cost, size/weight, and atmospheric absorp-
tion. Althoughmuch initial work in the 1990s focused
on 35GHz, the desire to improve spatial resolution
coupled with improvements in millimeter wave de-
vice technology allowed for operation at W band
(75–110GHz) to take advantage of the broad atmo-
spheric window centered around 94GHz. As semicon-
ductor device performance continues to improve,
groups will likely continue to increase the operating
frequency to higher absorption windows, such as 140,
220, or 320GHz to further improve spatial resolution
and/or decrease size/weight [8,9].
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Millimeter wave imaging systems may be divided
into two distinct classes: “active” systems that re-
quire coherent illumination of the scene, and “pas-
sive” systems that rely on emission and reflection
of incoherent radiation. Each type of system has ad-
vantages and disadvantages that must be carefully
weighed for the application at hand. Active systems
typically have higher sensitivity, are capable of pro-
viding range information, and may have a flat form
factor. However, active illumination at long wave-
lengths, whether coherent or incoherent, produces
regions of spectral reflection from flat surfaces
(“glint”) that result in splotchy images whose details
are often difficult to discern. Passive systems often
rely solely on distributed ambient illumination and
therefore suffer less from glint, producing images
that users generally find more acceptable and are
more amenable to automatic threat or anomaly de-
tection algorithms. In addition, passive systems
are covert, which may be desirable in some military
applications. However, passive systems inherently
do not provide range information and have limited
sensitivity.

2. Direct Detection Millimeter Wave Imaging Sensors

In this paper we will describe HRL’s development of
W band sensors for passive millimeter wave imaging.
Our approach has been to keep the millimeter wave
portion of the sensor as simple as possible to mini-
mize cost, while providing at least the minimum per-
formance required by camera developers. We utilize
a total power radiometer, as indicated in Fig. 1, con-
sisting of an antenna to collect blackbody energy, a
low noise amplifier (LNA) to boost the signal, and
a square law detector to provide an output voltage
proportional to the amplified noise power. The aver-
age detected output voltage (not including any detec-
tor bias voltage) depends on the effective noise
temperature Ts ðKÞ received by the antenna, the
pre-LNA dissipation factor α (a number between zero
and one), the LNA gain G and noise factor F (which
becomes the noise figure when expressed in dB), the
detector responsivity β ðV=WÞ, and the radiometric
RF bandwidth Δf ðHzÞ, as

V ¼ kðαðTs − ToÞ þ FToÞGβΔf ; ð1Þ
where To is the reference temperature for the noise
factor and is assumed to be the physical temperature
of the detector. The random fluctuations of this vol-

tage have a one-sided power spectral density (PSD,
V2=Hz) equal to [10]

Sðf Þ ¼ V2

�
2
Δf

þ Sd

V2 þ
K
f

�
: ð2Þ

The first two terms are, respectively, white noise
contributions from downconverted RF noise and de-
tector thermal (and possibly shot) noise, and the
third term is 1=f (flicker) noise resulting from
temporal fluctuations of the LNA gain and detector
responsivity.

To form an image, one typically utilizes optics to
project radiant energy from a scene onto a focal plane
where an array of sensors collects the energy, similar
to an IR or visible camera. However, due to the ex-
pense of RF components, millimeter wave cameras
typically utilize a small array of sensors that is me-
chanically scanned across the focal plane. Efforts to
develop two dimensional focal planes of high sensi-
tivity, low cost, room temperature sensors without
LNAs produced significant improvements to detector
sensitivity but still fall short of achieving the video-
rate sensitivity needed for most imaging applications
[11,12]. As the sensors are swept across the focal
plane in a scanning system over a “frame” period
Tframe, each sensor output is averaged over an “inte-
gration time” Tint to form an image pixel, so that each
frame consists ofN ¼ Tframe=Tint pixels. Onemay use
Eq. (2) to compute the mean square fluctuation about
the average for a set of N such pixels:

hΔV2i ¼ V2

�
1

Δf Tint
þ Sd

2V2Tint
þ K × lnN

�
: ð3Þ

The radiometer figure of merit is the thermal resolu-
tion, or noise equivalent temperature difference
(NETD), equal to the ratio of RMS voltage fluctua-
tion to thermal sensitivity:

NETD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hΔV2i

p
dV=dTs

¼ Tsys

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Δf Tint
þ Sd

2V2Tint
þ K × lnN

s
; ð4Þ

where Tsys ¼ V=ðdV=dTsÞ ¼ ToF=α is called the
equivalent input system noise temperature and is
often expressed as the sum of the receiver noise tem-
perature and input noise temperature: Tsys ¼ Trec þ
Tant [13]. Note that this expression for NETD in-
cludes the effects of 1=f noise, something that is
not normally done for IR sensors. Millimeter wave
sensor arrays for commercial applications generally
do not use optical choppers due to the size and ex-
pense associated with chopping an entire array of
sensors. Dicke switches, noise injection, or other
means of reducing the effects of 1=f noise and drift
are also typically cost prohibitive. Instead, the effects
of 1=f noise are minimized by properly engineering

Fig. 1. (Color online) Block diagram of radiometer. Simplicity is
key to achieving low cost.
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the LNA and detector, and drift is compensated for
using software techniques [7].

3. Sb-Based Zero-Bias Detector Monolithic Microwave
Integrated Circuits

Prior to these last few years, millimeter wave (mmW)
sensors typically utilized biased Schottky diodes for
square law detection due to their ease of fabrication,
high responsivity, and low junction capacitance. The
bias current in a Schottky diode significantly in-
creases detector noise by introducing shot noise
and increasing 1=f noise. Radiometer front ends
typically contained multiple amplifier monolithic mi-
crowave integrated circuits (MMICs) with over 50dB
of total gain [14] in order to boost the input signal
well above the detector noise level. Utilizing zero-
bias detectors reduces detector noise, requiring less
gain in the LNA stages. By engineering the detector
to be sufficiently responsive while operating at zero
bias, one may significantly reduce the front end cost.
Zero-bias detectors have become more widely

available in recent years. Planar doped barrier
diodes perform well at millimeter wave frequencies,
but their sensitivity to growth conditions makes
them expensive to manufacture in large quantities.
Low barrier Schottky diodes provide good millimeter
wave performance and are commercially available
for a variety of frequency bands [15]. Although these
devices offer high responsivity and relatively low
noise, Schottky diode characteristics are inherently
temperature sensitive, so they may require addi-
tional compensation when used in systems that
experience temperature fluctuations.
HRL’s development of the zero-bais Sb-based back-

ward tunnel diode [16] resulted in detectors with
high responsivity and insensitivity to temperature,
with low 1=f and no shot noise. The principle of
Sb-heterstructure backward diode operation is simi-
lar to that of an Esaki backward tunnel diode in that
the current controlling mechanism is interband
(valence-conduction) tunneling between adjacent en-
ergetically offset semiconductor regions. The Esaki
diode accomplishes this with a very heavily doped
p-n junction. The Sb-heterostructure diode is similar
but with the advantage that it has a built-in type II
bandgap lineup between InAs and GaAlSb, i.e., the
conduction band minimum of InAs intrinsically lies
energetically below the valence band maximum of
GaSb, as seen in Fig. 2. The consequence is a natural
asymmetry in the current flow with bias direction.
This results in the attractive feature of these devices,
namely, a high nonlinearity in the current–voltage
characteristic that produces square-law rectification
at zero bias. Another advantage of this diode struc-
ture is that the AlSb tunnel barrier width can be
chosen to control the junction resistance without
significantly affecting the capacitance or current–
voltage nonlinearity. And because the current flow
near zero bias is based on tunneling and not thermal
excitation, the device characteristics are much more
stable with temperature than a Schottky device [17].

The backward tunnel diode was utilized in a
MMIC to provide impedance matched detection at
W band, a photograph of which is shown in Fig. 3(a).
The circuit consists of an input matching network,
series detector, and RF shunt capacitor at the output.
A DC return on the input side allows for a single
ended output with ground reference. A typical W
band detector circuit utilizes a 1 μm2 diode, resulting
in a junction capacitance of 15 fF, a junction resis-
tance of 800Ω, and series resistance of about 20Ω.
The curvature coefficient (the ratio of the second de-
rivative to the first derivative of the detector I–V
curve at zero volts) is about 32A=W. Figure 3(b)
shows a plot of the typical RF performance of a
detector MMIC.

Although these detectors introduce less added
noise to the radiometer output than biased detectors,
their added noise is not negligible. Detector thermal
noise can be calculated directly from the diode resis-
tance, and sufficient LNA gain (typically 25–30dB) is
introduced so that the downconverted RF noise over-
comes the thermal noise level. Radiometers that do
not utilize a Dicke switch, optical chopper, or some
other method of periodic recalibration have perfor-
mance that is primarily limited by detector 1=f noise
when operated with integration times longer than a
millisecond or so. The 1=f noise results from the bias
voltage (the detector output is typically sensed as a
voltage amplified by a high input impedance ampli-
fier; instead, one may sense detector current fed to a
low impedance amplifier, but either approach suffers
1=f noise due to induced bias) developed across the
detector as a result of rectification of the LNA output
noise power. Because the PSD of the 1=f noise pro-
cess is proportional to the square of the detector vol-
tage, the 1=f contribution to NETD cannot be
mitigated by increasing (or decreasing) LNA gain

Fig. 2. (Color online) Energy band diagram of the Sb-based
backward tunnel diode.
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[see Eq. (4)]. Furthermore, because the 1=f noise is
generated within the detector itself, as opposed to
the video electronics, one may not utilize baseband
switching techniques such as correlated double sam-
pling that is used so effectively in IR readout circui-
try. The most effective way to correct for the 1=f noise
within the detector is to modulate the RF input and
synchronously detect, but this process adds signifi-
cant expense and complexity to the receiver and is
generally avoided in commercial systems.

4. InP HEMT Low Noise Amplifier, Monolithic
Microwave Integrated Circuits

In the 1990s HRL developed an InP high elec-
tron mobility transistor (HEMT) LNA process for
high performance communication systems that was
later leveraged for W band imaging sensors [18].
Figure 4(a) shows a photograph of a five stage LNA
and Fig. 4(b) shows a plot of the gain versus fre-
quency. InP HEMT devices offer the lowest noise
figure available in any device technology, with
LNA noise figures less than 3dB readily achievable
for 94GHz, room temperature, wideband amplifiers.
Recent advances in InP HEMT technology continue
to improve circuit performance [19], although state of
the art device technologies generally have limited
commercial availability. GaAs LNAs cost consider-
ably less than InP due to higher foundry volumes,
but the noise figure of GaAs based LNAs is 2–3dB
higher than for InP, directly affecting sensitivity.
In addition, the gain per stage of GaAs LNAs is lower

than InP requiring more stages, and possibly multi-
ple MMICs, to achieve the necessary 25–30dB gain.

Although LNA noise figure has the biggest effect
on radiometer performance, gain drift is also signifi-
cant and must be compensated for in any imaging
system. Long term gain drift occurs in all devices
and may be dealt with using either hardware- or
software-based techniques. Because 1=f noise is
due to temporal gain fluctuations, hardware techni-
ques to reduce 1=f noise can also be used to mitigate
steady gain drift, and include Dicke switching and
optical chopping. Radiometers that do not utilize
such hardware compensation must use some other
technique such as long term averaging to detect
and compensate for drift. All systems require peri-
odic recalibration by providing known thermal
sources to all of the sensors, and the system designer
must determine the acceptable rate of calibration for
a given application. Note that our NETD expression
(4) assumes such a calibration occurs at the end of
each frame period.

Because the sensors must detect minute changes
in scene temperature, small changes in gain create
substantial errors in temperature estimates. LNA
gain is generally the dominant radiometer drift me-
chanism. Using Eq. (1) we see that changes in scene
temperature δTs and LNA gain δG produce a frac-
tional change in output voltage equal to δV=V ¼
δTs=Tsys þ δG=G. With a typical system temperature
of 700K and a desired minimum detectable tempera-
ture fluctuation of 0:5K, we see that the gain stabi-
lity must be much better than about 700ppm, or
0:003dB. It does not take long for a typical HEMT
to drift outside this range. For example, Fig. 5 shows
a plot of normalized radiometer output voltage ver-
sus time. Drift is fastest immediately after powering

Fig. 3. (Color online) (a) Photograph of the backward tunnel
diode detector MMIC. (b) Plot of measured responsivity.

Fig. 4. (Color online) (a) Photograph of five stage LNA MMIC.
(b) Plot of gain versus frequency.
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on the LNA and follows a simple power relation over
long time periods. The exponent of the power relation
varies randomly from device to device—even in sign,
with some gains increasing over time and others
decreasing.

5. W Band Sensors

A cost competitive millimeter wave imaging system
requires reasonably priced sensors that provide the
necessary performance. Sensor cost and performance
both depend critically on assembly processes. Recent
experiences have shown that the manufacturing
tolerances of today’s standard automated assembly
processes provide acceptable performance and re-
peatability for W band sensors. The need for only
two MMICs within the sensor together with stan-
dard automated assembly techniques allows one to
achieve high sensor performance while continuing
to drive down costs as sales volumes increase.
Integrating the LNA and detector MMICs together

with an antenna and video electronics is reasonably
straightforward. Horn antennas provide excellent
overall efficiency (low dissipation and high beam
efficiency), and simple E-plane probes on alumina
substrates transition the fields from waveguide to
microstrip with losses typically between 0.5 and
1dB. An electronic printed circuit board is often
included within the sensor module to provide video
amplification and possibly LNA bias. Figure 6 shows
an example of such a module, developed by Brijot
Imaging Systems.
Substantial module characterization can be ac-

complished using low frequency measurements of
the sensor output. Recording the output voltage
while the antenna is directed at RF absorbing mate-

rial that is sequentially held at two known tempera-
tures (e.g., room temperature and 77K) allows us to
compute the thermal sensitivity dV=dTs and the sys-
tem noise temperature Tsys ¼ V=ðdV=dTsÞ. Assum-
ing we know the front end dissipation factor α, we
may use Eq. (1) at the two temperatures to compute
the noise factor F and the gain–bandwidth product
GβΔf . We may estimate the RF bandwidth from
the output voltage PSD as follows. With the antenna
directed at room temperature absorber we measure
the output spectrum and estimate the white and 1=f
noise PSD levels by curve fitting. Repeating the mea-
surement and curve fitting with the LNA biased off
provides a direct measurement of detector white
noise. The RF radiometric bandwidth may be com-
puted from the difference between the “on” and
“off” white noise PSD levels using Eq. (2):

Δf ¼ 2V2

Sjwhite;
LNA on

− Sjwhite;
LNA off

: ð5Þ

The 1=f K factor may be determined directly from the
spectrum curve fit. Finally, NETD may be estimated
from the frequency domain data using Eq. (4). When
the frequency exponent of the 1=f noise PSD differs
from unity, as is often the case in practice, Ref. [10]
shows how to properly normalize the K factor so that
(4) can be used directly.

As examples of sensor performance, Table 1 shows
measured results from five different imaging sensors
that were designed and assembled at HRL and char-
acterized using the above methods. The chipsets

Fig. 5. (Color online) Plot of normalized output voltage versus
time for two different sensors. The variation is due to drift in
LNA gain. The data were taken following an approximately 15
min. warm up time.

Fig. 6. (Color online) Photograph of a W band imaging sensor
from Brijot Imaging Systems.

Table 1. Measured Performance and Extracted Parameters

V , mV dV=dT, uV=K Kð1=f constÞ Gβ, V=uW NF, dB BW, GHz NETD, K

1.4 1.8 3.3 4.5 4.4 28 0.29
5.3 7.0 13 14 4.2 35 0.52
5.8 6.9 6.1 20 4.6 23 0.41
0.6 0.52 10 1.1 5.9 33 0.69
3 4.3 5.3 12 3.8 26 0.32
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were selected for specific experiments, so the results
do not necessarily reflect typical performance one
would expect from chipsets selected at random.
The listed output voltage is prior to video amplifica-
tion, and the K factors were normalized to compen-
sate for nonunity 1=f frequency exponents. The
NETD calculations assume an integration time of
3:125ms for N ¼ 32 integration periods.

6. Future Efforts

As millimeter wave device performance continues to
improve, new devices will be incorporated intoMMIC
circuits for future generations of imaging chipsets.
Next generation InP HEMT devices will improve
radiometer sensitivity by reducing noise figure,
and the increased gain per stage will result in smal-
ler, cheaper MMICs atW band. In addition, these de-
vices will enable radiometer operation aboveW band
(e.g., 220 or 320GHz), improving spatial resolution
and/or reducing camera size. These next generation
sensors will provide new levels of performance that
will in turn help stimulate sales in this small but
growing market.
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