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Abstract—A D-band SiGe HBT total power radiometer is re-
ported with a peak responsivity of 28 MV/W, a noise equivalent
power (NEP) of 14-18 fW/Hz'/?, and a temperature resolution
better than 0.35 K for an integration time of 3.125 ms. The 1/ f
noise corner of the radiometer is lower than 200 Hz. Fabricated in a
developmental technology with 270-GHz fr and 330-GHz fyax,
it includes a five-stage low-noise amplifier (LNA) with 4-7-GHz
bandwidth and over 35 dB of gain centered at 165 GHz, along
with a square-law detector with an NEP below 6 pW/Hzl/ 2 up to
170 GHz. An average system noise temperature of 1645 K is ob-
tained using the Y -factor method and a noise bandwidth of 10 GHz
calculated from the measured S21(f) characteristics of the ra-
diometer. The reduced 1/ f noise corner frequency in the pres-
ence of the amplifier, compared to that of the detector, appears to
indicate that, unlike in III-V radiometers, LNA gain fluctuations
are not a problem in SiGe HBT radiometers. The circuit consumes
95 mW and occupies 765 X 490 pm?. Wafer mapping of the ra-
diometer sensitivity and of the amplifier gain was performed across
different process splits. The mapping results demonstrate that the
radiometer can be employed as a relatively simple and area-effi-
cient transistor noise-measure monitor, useful in SiGe HBT ver-
tical profile optimization.

Index Terms—D-band, detector, low-noise amplifier (LNA),
noise equivalent power (NEP), noise equivalent temperature dif-
ference (NETD), noise figure, 1/ f noise corner, passive imaging,
radiometer, responsivity, SiGe HBT.

I. INTRODUCTION

HE D-band total power radiometer is attractive for ap-
plications such as stand-off security screening [1] and for
atmospheric water cycle and hurricane monitoring at 118 and
183 GHz [2]. Since the angular resolution of a lens or aperture
improves with decreasing wavelength [3], D-band passive
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imaging arrays have excellent potential for high-resolution
operation without requiring electronic or mechanical switching
or local oscillator (LO) signal distribution [4]. Unlike other
currently available semiconductor technologies, advanced SiGe
BiCMOS with thick-metal, thick dielectric back-end-of-line
(BEOL), and fyax values now approaching 500 GHz [5]
allow wafer-scale antenna array integration with over 50%
antenna efficiency [6], [7]. While presently there are no re-
ported commercial solid-state passive imagers in the D-band,
five commercial W-band systems have recently appeared on
the market [8]. These are typically realized using discrete
amplifiers with over 35-dB gain and noise figures below 5 dB,
followed by a zero-bias diode (ZBD) detector chip, all fabri-
cated in III-V technologies [4], [9].

In total power radiometers, the amplifier gain fluctuations,
which manifest themselves as 1/ f noise, and the 1/ f noise of
the detector, are as critical as the amplifier noise figure in deter-
mining the overall temperature sensitivity [4]. Image calibration
is performed by pointing to a reference temperature source, thus
avoiding mechanical chopping or integration of a switch, which
would reduce sensitivity [1].

Recently, W-band total power radiometers have been re-
ported in SiGe HBT [10], [11] and CMOS [12] technologies,
demonstrating promising temperature sensitivity and noise
performance. A number of III-V heterodyne receivers [13],
[14] and even a super-regenerative CMOS receiver [2] have
been published or announced, which operate in the D- and
G-bands with excellent noise performance. However, they
require oscillators or LO signal distribution and will not be
considered in this paper.

Cutting-edge SiGe HBT technologies, in particular, with the
lowest 1/ f noise corner of all competing technologies, repre-
sent an interesting opportunity where the high-volume benefits
of silicon can be exploited while also taking advantage of RF
device performance with high gain even in the - and G-bands
[15]-[18]. In this paper, we report the first I)-band total power
radiometer with high-gain pre-amplification fabricated in sil-
icon. Its 1/ f noise corner, low-noise amplifier (LNA) gain, de-
tector noise equivalent power (NEP), and overall imager sen-
sitivity are comparable to those of the best III-V total power
radiometers and detectors operating at W-band. In an effort to
identify the key semiconductor technology figures of merit that
impact the total power radiometer sensitivity, we also conduct
a comprehensive study across process splits of transistor fr,
fmax, amplifier gain, noise figure, detector responsivity, NEP,
and 1/ f noise corner, separating them from system parameters
unrelated to the technology, such as integration time and frame
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Fig. 1. Block diagram and system performance parameters of an integrated
total power radiometer.

rate. The circuits were fabricated in a preproduction 130-nm
SiGe BiCMOS technology (BCOMW) and in two experimental
SiGe HBT technologies: B3T and B4T.

This paper is organized as follows. In Section II, we discuss
system and circuit design considerations and implementation
problems. This is followed by a description of the fabrication
process and transistor characterization in Section III. Detailed
S-parameter and 1/ f noise characterization of the amplifier and
detector breakouts across process splits is covered in Section [V,
along with a hot—cold noise source method to measure the ra-
diometer the noise-equivalent differential temperature (NEDT)
and effective system noise temperature in Section V. Conclu-
sions are summarized in Section VI.

II. SYSTEM AND CIRCUIT DESIGN CONSIDERATIONS

A. Total Power Radiometer Design Considerations

Passive imaging sensors or radiometers are high-sen-
sitivity broadband receivers used to measure the thermal
(“black-body”) radiation (noise) emitted or reflected by a
target. A body in thermal equilibrium at a temperature 7' emits
energy according to Planck’s radiation law

P =EkAST (1)

where A f is the receiver bandwidth over which the black body
radiation is integrated and k is the Boltzmann’s constant.

This equation is strictly valid only for a perfect “black body”
that absorbs all incident energy and reflects none. A nonideal ob-
ject partially reflects incident energy and radiates only a fraction
of the energy predicted by (1). It can therefore be described by a
“brightness” (noise) temperature, Tz, which is always smaller
than its physical temperature and much smaller than the receiver
noise temperature 1'g.

This radiation is very weak at millimeter-wave frequencies,
and therefore, sensitivity becomes the most important design pa-
rameter for a radiometer. Most modern W -band [4], [8] “cam-
eras” employ a direct detection (or tuned homodyne) receiver,
also known as a total power radiometer, consisting of an LNA,
a square-law detector, a post-detector low-bandwidth “video”
amplifier, and an integrator, as in Fig. 1. A 2-D image is formed
by mechanically steering the antenna in the X - and Y -direc-
tions and recording the image at each position. This is a slow
process. Ideally, if low-cost and low-power receivers could be
developed, mechanical steering would be replaced by a 2-D re-
ceiver array to achieve electronic scanning and image collection
at a much faster rate.
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Fig. 2. Typical output noise spectra for semiconductor III-V SBD, SiGe
(solid), and CMOS (dashed) detectors [4], [10], [12].

The system performance of a total power radiometer is deter-
mined by the following:

* the antenna and implementation loss, captured by 7'4;

* the gain G, bandwidth A frr, and noise figure (equivalent

noise temperature T1x 4 ) of the LNA;

« the responsivity R, 1/f noise slope, k-, and NEP of the

detector (Fig. 2), where S, = kv (V?/f) describes the
1/ f noise of the detector diode [4];

« the integration time 7 (or bandwidth A fr,r = 1/27) of the

integrator.

The system bandwidth A f is given by the entire receive-
chain preceding the detector and is typically determined by the
LNA.

The imager resolution in degrees Kelvin can be expressed as

[9]

1 kv AGN?
ATMIN == (T-l + TR) \/m + F‘IILN + (T) (2)

where N = Tgame/T [4] represents the numbers of pixels in
a frame, and Ti.4p,e describes the video frame rate, typically
6-30 Hz [1]-[4], [8]. For an imaging system with a single pixel,
N = 1 and the second term in (2) disappears. ATy is also
known as the noise equivalent temperature difference (NETD)
[9].

Equation (2) indicates that, in order to improve resolution, the
system noise temperature must be reduced and the integration
time and RF bandwidth must be increased. Fluctuations in noise
at frequencies higher than 1/27(first term under the radical) are
smoothed out through the integration process. The 1/f noise
from the detector diode at frequencies below 1/27, divided by
the LNA gain, and from the amplifier gain fluctuations, if any,
are captured by the second and third terms, respectively, under
the square root [4], [9]. Indeed, a critical aspect of radiometer
design is the development of a detector with very low 1/ f noise
corner and of an amplifier with low noise figure, high gain, and
no gain fluctuations. While the first three goals are readily satis-
fied in III-V radiometers, the fourth remains elusive since con-
siderable 1/ f noise is still present in the output spectra of even
the best-performing systems with low 1/ f noise detectors, over
30-35-dB LNA gain, and less than 5-dB noise figure [4].

The proposed SiGe HBT total-power radiometer, whose tran-
sistor-level schematic is shown in Fig. 3, consists of a single-
ended five-stage LNA, similar to the one in [15] and centered
at 165 GHz, followed by a differential square-law detector. A
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Fig. 3. Transistor-level schematics of integrated total power radiometer.
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Fig. 4. Simulated NF,,in. Mmin and available gain for 110 nm x 4.5 zm B4T
CE and cascode stages at 165 GHz.

transformer is used for single-ended to differential conversion
between the LNA and detector.

B. Amplifier Topology Selection and Design

The LNA poses significant challenges at D-band in any tech-
nology because it must simultaneously achieve very high gain
(over 30 dB), broad bandwidth, and low noise figure. The high
gain is needed to overcome the large 1/ f noise of the detector
at video-rate frequencies: 10-60 Hz.

A simulation study of the available gain, minimum noise
figure, and minimum noise measure of common emitter (CE)
and cascode stages was conducted and the simulation results
at 165 GHz versus collector current density are reproduced
in Fig. 4 for the B4T technology. Although the noise figure
of the CE stage is significantly smaller, the two topologies
have almost identical minimum noise measures of 8.8 and
8.4 dB, respectively, favoring the cascode. Moreover, the
corresponding available gain is 14 dB for the cascode and 3 dB
for the CE stage. Consequently, at least one or two cascode
stages must be employed to achieve the much needed high gain
at D-band without excessive power consumption. However, an
SiGe HBT cascode is prone to oscillate if its emitter length and
bias current are larger than 4-5 pm and 6-8 mA, respectively.
In contrast, CE stages exhibit excellent stability.

Recent transistor and receiver noise-figure measurements
show promising SiGe HBT values, below 5 dB up to 170 GHz
[16], and cascode amplifier noise figures around 8 dB [16],
[17]. However, the experimental data indicate that the design
kit model overestimates the minimum noise figure. For these

50fF

2x7.5um:
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Vo LOAD |

28fF  10pH

36pH

3x3.5um

3x3.5um 3x3.5um

reasons, topologies with approximately equal gain and a com-
bination of five CE and cascode stages, placed either at the
input or at the output of the amplifier, were fabricated and
investigated for the lowest overall noise figure.

The first amplifier, A, employed in the radiometer of Fig. 3,
was originally designed as a general-purpose moderate output
power amplifier [15] in a production process (BCOIMW) [19]
and was ported without redesign into two developmental
process technologies (B3T [20] and B4T) intermediary devel-
opment steps as part of the dot5 European Union (EU) program
[5]. This amplifier consists of three low-current cascode stages,
followed by two large-current CE stages. The simulated noise
figure and power gain at 165 GHz for the B4T process are
plotted in Fig. 5 as a function of the collector current density in
the first cascode stage. As can be seen, the noise figure and gain
are 11 and 37 dB, respectively, when the first stage is biased
at the optimum noise figure current density of 6 mA/um?,
This current density is 30% higher than that in Fig. 4, likely
because of the loading from the other stages and from the
layout parasitics, which were not included in the simulations
of the individual stage. The amplifier consumes 140 mW
from 1.5- and 3-V supplies in BCOMW, and 92 mW from
1.4- and 2.8-V supplies in B4T. Lumped inductors, designed
and modeled using ASITIC,! and a mix of custom-designed
metal-oxide—-metal (MOM) capacitors and foundry-provided
metal-insulator—metal (MIM) capacitors, were employed for
all tuning and matching elements. The three low bias current
cascode stages provide significant gain, and due to the small
input stage transistor size, broadband matching to 50 2. The
two CE stages, with lower gain, are designed to provide higher
linearity and large saturated output power with improved
stability.

The second LNA, B, shown in Fig. 6, consists of two CE
stages followed by three cascode stages. It consumes 75 mW
from 1.5- and 3-V supplies. Apart from the degeneration
inductor in the first stage, it employs microstrip transmission
lines as matching elements. The microstrip lines are realized in
the top metal layer with a 1-pzm-thick ground plane formed by
shunting the first two metal layers together to reduce ground
loss, as illustrated in Fig. 7. Emitter degeneration resistors,
bypassed at D-band, provide improved bias current accuracy
and stability over PVT variations. The simulated gain and noise
figure are reproduced in Fig. 8 as a function of the collector
current density in the first stage. The minimum noise figure

[Online]. Available: http://rfic.eecs.berkeley.edu/~niknejad/asitic.html
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Fig. 5. Simulated NF o and S»; at 165 GHz as a function of collector current
density for amplifier A in the B4T process.

Fig. 6. Schematics of amplifier B with CE input stage and t-lines in BCOMW.
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Fig. 8. Simulated gain and noise figure of amplifier B versus collector current
density per emitter area at 155 GHz in the BCOMW process.

current density, 6-7 mA/um?, is approximately half of that
corresponding to the peak gain.
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Fig. 9. Simulated responsivity and NEP of the W -band detector (A) as a func-
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C. Detector

The square-law peak detector, shown in Fig. 3, is an HBT
adaptation [20] of the nMOS-based version in [12]. It utilizes a
differential topology, with single-ended to differential conver-
sion provided by a lumped balun, which also matches the de-
tector input to 50 2. The common-mode signal at the emitter of
the input transistors ((1 2), which is proportional to the signal
amplitude, is amplified by the common-base amplifier formed
by transistor (J5 and the output load resistor. The latter is lo-
cated off-chip. This arrangement allows for different resistor
values and different bias current densities to be experimented
with in order to optimize the detector NEP. A dummy reference
detector is included on-chip, providing a reference voltage to be
used along with the main detector voltage as inputs to a differ-
ential (off-chip) post-amplifier. It also helps to suppress power
supply noise.

Two detector test structures were fabricated to allow broad-
band performance testing with reasonably good matching to
50 2 throughout the W- and D-band. The only difference is
the input balun. In version A, suitable for W-band and lower
D-band testing, a 3:1 side-coupled structure was employed with
a total diameter of 32 ym. Both primary and secondary coils are
formed in the top copper layer with W = 2 ym and S = 0.6 um.
The primary has two coils, while the secondary has a single coil.
The inductance of the primary is 122 pH, whereas that of the sec-
ondary is 43 pH. Version B, used in the fabricated total power
radiometer and targeted at the upper half of the D-band and
at the lower GG-band, employs a side-coupled 1:1 balun with a
single-coil primary and single-coil secondary. It features a metal
strip width, W = 1 um, an inter-coil spacing, S = 0.6 um, and
a diameter of 24.6 um. The simulated responsivity and NEP of
detector A at the minimum NEP bias is shown in Fig. 9 as a func-
tion of frequency. It shows that the NEP is as low as 5 pW//Hz
at 130 GHz where the detector input is perfectly matched and
that it remains below 10 pW/+/Hz up to 170 GHz.

III. FABRICATION AND PROCESS CHARACTERIZATION

The radiometer, amplifier A, and detector breakouts were fab-
ricated along with transistor test structures and on-die thru-re-
flect-line (TRL) calibration standards in several process splits
of a developmental SiGe HBT technology, B4T [5]. Both high-
speed, with BV go of 1.6 V, and medium-voltage, BVcgo >
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Fig. 10. Measured fr versus Jo characteristics on B4T wafer PGT20 for
high-speed and medium-voltage SiGe HBTs biased at Vo, = 1.2 Vand 2 V,
respectively.

2 V, HBTs were fabricated on the same wafer. The BEOL,
shown in Fig. 7, is similar to that in [19], with 2-fF/;m? MIM
capacitors and six copper layers, the top two being 3-pm thick.
Several wafers with different B4T process variants were fully
characterized. Amplifier A was also fabricated in the BCOMW
and B3T processes, whereas amplifier B was fabricated only in
the BCOMW process.

S-parameter measurements of transistors, t-lines, trans-
formers, and circuit breakouts were performed with an
HP8510C network analyzer interfaced with two D-band OML
transmit/receive (T/R) modules and ground-signal-ground
(GSG) wafer probes from Cascade Microtech, Beaverton, OR.
Both TRL and line-reflect-reflect-match (LRRM) calibrations
were performed on standard calibration substrates from GGB,
Naples, FL, and Cascade Microtech, without any noticeable
differences in the device-under-test (DUT) measurements.
The pad and interconnect parasitics of the transistor, t-line,
and transformer test-structures were de-embedded using the
t-line-based technique described in [21]. In the case of the
amplifier, detector and imager measurements, the impact of
the pads (approximately 8-fF capacitance) and interconnect
is included in all the measured S-parameters. They were not
de-embedded.

Figs. 10 and 11 show the measured fr and fyax versus
current density for high-speed and medium-voltage B4T tran-
sistors with 165-nm emitter width and various emitter lengths.
As illustrated in Fig. 12, the metallization on top of the tran-
sistor, up to and including metal 6, was not removed by de-em-
bedding in order to capture the true circuit performance of the
transistor. fr and fyjax were extrapolated from the measured
20logqg |H21(f)| and 101og,,(U(f)) characteristics, averaged
in the 110-125-GHz range where the slope versus frequency is
approximately 20 dB/decade.

As can be seen in Figs. 10 and 11, for very large emitter
lengths, the interconnect series resistance and parasitic capac-
itance start to degrade fr and fuax. Itis also important to note
that fyprax of the medium-voltage HBTs is almost as large as
that of the high-speed HBTs at about 1/3 of the current density,
whereas fr is reduced to half.

For comparison with the performance of the other two SiGe
HBT processes, the measured MAG at 120 GHz of representa-
tive high-speed B4T, B3T, and BCOMW HBTs, is reproduced

Current Density (mA/um?)

Fig. 11. Measured fyax versus J¢ characteristics on B4T wafer PGT20 for
high-speed and medium-voltage SiGe HBTs biased at Vo = 1.2 Vand 2 V,
respectively.

Fig. 12. Transistor with metallization, after de-embedding pad and intercon-
nect parasitics [20].

in Fig. 13. It can be observed that the peak MAG ( fyax) cur-
rent density remains approximately the same between the three
processes while MAG (hence, faax) improves by almost 3 dB
from BCOMW to B4T. Additionally, the fr and fyrax char-
acteristics measured on a high-speed 0.165 pm x 4.5 pum SiGe
HBT across different B4T process splits are compiled in Figs. 14
and 15, respectively. Note that f and fyprax vary by 10%—15%
across splits.

IV. CIRCUIT BREAKOUT CHARACTERIZATION

A. Amplifier Performance

The die photographs of amplifiers A and B are shown in
Figs. 16 and 17, respectively.

Fig. 18 shows the measured S»; of type A amplifiers for
three different HBT vertical profiles (BCOMW, B3T, and B4T).
Additionally, two versions each of the BCOMW and B3T
amplifiers with 130- and 120-nm emitter widths are included.
The impact of reducing emitter width on BCOMW amplifiers
is almost as high as changing the vertical HBT profile from
BCOMW to B3T. The peak amplifier gain shifts in frequency
from 156 to 163 GHz and increases from 18 to 24 dB, whereas
the change in profile from BCOMW to B3T at the same emitter
width causes a 8-dB increase in peak gain and a shift to
163 GHz. The overall improvement in gain between BCOMW
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Fig. 15. 0.165 pm X 4.5 um SiGe HBT fyrax versus J¢ characteristics over
BAT process splits at Vo, = 1.2 V.

and B4T is about 18 dB, spread across three cascode and two
CE stages. This is consistent with the 2.5-3-dB improvement
in HBT MAG seen in Fig. 13 and the much higher simulated
gain of the cascode versus the CE stage in Fig. 4.

Fig. 19 compares the measured S-parameters of amplifiers
A and B fabricated in the BCOMW process. The gain of am-
plifier B peaks at 185 GHz to 22 dB when the last three stages
are biased at half the peak-fr current density. The S-param-
eters of amplifier A were mapped across B4T process splits.
The measured So2; at peak-fr bias current density and at half
peak- f bias current density in the cascode stages is reproduced
in Figs. 20 and 21, respectively. In both cases, wafer PGT20 has
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R A

Fig. 16. Die photograph of amplifier A showing the inductor- and capacitor-
based matching networks.

Fig. 17. Die photograph of amplifier B showing the t-line matching networks
and single degeneration inductor in the first stage.

the highest amplifier gains. Interestingly, of all the tested B4T
wafers, this wafer has the lowest f7, but the second best fyrax,
within 1 GHz of the best fy1ax value. This trend agrees very
well with that observed for a 140-GHz amplifier in a earlier gen-
eration, pre-BCOMW, of an SiGe HBT process [22].

B. Detector Performance

The detector breakout die photograph is reproduced in
Fig. 22. The responsivity and NEP [20] of the two standalone
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Fig. 20. Comparison of the measured 521 of amplifier A across B4T wafer
splits when the HBTs in the cascode stages are biased at peak fr.

detectors were measured as a function of RF frequency and
bias current density using the setup in Fig. 23. The output noise
spectra were recorded with a spectrum analyzer. Simultane-
ously, the dc output voltage was measured with a multimeter
[12] at a known signal source power and with the signal source
turned off. The gain of the postamplifier was de-embedded '
from all responsivity and NEP measurements. The responsivity NEP (fn) = Vno (fm) )
and NEP were determined as o R

Fig. 22. Die photograph of detector breakout B.

Vope (Pm) — Vope (0) 3 respectively, where P, is the known input signal source power
P, () chosen to ensure that the detector operates in linear mode and

R=
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Fig.24. Measured S and responsivity of the two detector breakouts on wafer
TCP11 for 10-k§2 load resistors and a detector current density of 0.35 mA/ pum?.
The simulated responsivity of detector A (W -band) is also shown with dashed
lines.

Uno{ fin) is the output noise voltage in V//Hz at the dc offset
frequency fr.,

Fig. 24 shows the measured S1; and responsivity of the two
detector breakouts and the simulated responsivity of detector
A, as a reference. The larger, 3:1 balun provides good matching
to 50 £2 at W-band and up to about 130 GHz for the real part
of the input impedance of the detector, which is approximately
20 €. The smaller 1:1 balun tunes out the imaginary part of the
detector at 190 GHz. In the radiometer, this resonance moves
down in frequency due to the output capacitance of the LNA.
This is the reason why the 1:1 transformer, rather than the 3:1
version, was employed in the radiometer. The peak responsivity
of the W-band detector corresponds to the frequency at which
S11 reaches its optimum. In fact, the responsivity of the two
detectors closely tracks their Sy; variation across the I2-band
with the two detector breakouts exhibiting almost identical re-
sponsivity and Sp; in the 160—170-GHz range.

The NEP is plotted in Fig. 25 as a function of RF frequency
for two different load resistor values of 1 and 10 k€2, respec-
tively. These measurements were taken at the minimum NEP
current density of 0.35 mA /zzm? at dc offset frequency of 1 kHz,
beyond the 1/ f noise corner [19]. Although the responsivity of
the detector is ten times larger when a 10-k2 load is employed,
the NEP improves only by a factor of 1.5 to 2. Ideally, if the load
resistor was noiseless, the NEP should not depend on the load
resistor value. However, the load resistor itself contributed to the
overall detector NEP. Its noise must be minimized by selecting
a large enough resistor value and a resistor that has very low
1/f noise. Note that simulations overestimate the NEP of the
detector. This is similar to the overestimation of amplifier noise
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Fig. 25. Measured NEP at 1-kHz offset as a function of RF frequency for both
detectors on wafer TPC11 for 1- and 10-k€? load resistors and a detector current
density of 0.35 mA/pm?. Simulation results for 10-k{? load resistor are also
shown for comparison.
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detector breakout A on wafer TCP11 for 10-k{2 load resistors at: (a) 120 and

(b) 165 GHz as a function of current density at offset frequencies of 160 Hz and
1 kHz, respectively.

figure and voltage-controlled oscillator (VCO) phase noise ob-
served with this HBT model.

As illustrated in Fig. 26, the optimal current density reduces
to 0.175 mA/pm? when the NEP is measured at a dc offset
frequency of 160 Hz.

The NEP and responsivity measurements were repeated for
several supply voltages on the load resistor and they were found
to be largely constant for dc voltages at the load resistor output
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Fig. 27. Measured responsivity at 165 GHz for the D-band detector on wafer
TCP11 biased at 0.35 mA/um? and for the radiometer as a function of input
power when the detector is biased at 0.25 mA/gm?.

of 1.1-2.4 V. The detector input return loss, responsivity, and
NEP measurements reveal the importance of S1; on detector
and radiometer performance and that lumped transformers can
be used in silicon millimeter-wave integrated circuits (ICs),
even at 190 GHz. Furthermore, the most important detector
figure of merit, the NEP and its optimal bias conditions, are
closely related to the 1/f noise of the HBT and to the bias
current at which the HBT 1/f noise, the 1/f noise corner,
and the HBT noise above the 1/f corner are simultaneously
reduced [19]. The detector responsivity plays a secondary role
compared to its NEP since the responsivity can always be
boosted by using larger load resistors and/or low-noise post
amplifiers. At the optimal bias that minimizes the NEP at
160-Hz offset, the standalone detector consumes 1.7 mW from
1.2- and 2.1-V power supplies.

Fig. 27 reproduces the measured responsivity of the )-band
detector as a function of input power at 165 GHz when the de-
tector is biased at a current density of 0.35 mA/um?. The de-
tector is linear below —20 dBm and begins to saturate at higher
input levels. It was not possible to determine at what power level
the responsivity decreases by a factor of 2 due to the limited
output power of the signal source available in the /7-band. For
comparison, the measured responsivity of the entire radiometer,
larger than 17 MV/W at a lower bias current density in the de-
tector, is also shown. The 1-dB input compression point of the
radiometer responsivity is smaller than —50 dBm.

V. RADIOMETER CHARACTERIZATION

A die photograph of the radiometer is reproduced in Fig. 28.
The circuit occupies an area of 765 x 490 ym? and is pad lim-
ited. Fig. 29 reproduces the measured S-parameters of the ra-
diometer and of the standalone LNA, measured on the same
wafer, TCP11, and under identical bias conditions. The simu-
lated S-parameters of the LNA are also shown for comparison.
Even when the LNA cascode stages are biased at the peak-fr
current density, the S1; of the radiometer remains below —6 dB
throughout the frequency range. The radiometer Sa;, measured
between the radiometer input and one of the detector outputs,

Fig. 28. Die photograph of the radiometer, including LNA and detector. The
dimensions are 765 x 490 pm?.
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Fig. 29. S-parameters (lines and symbols) and responsivity of the radiometer
and of the standalone LNA measured on B4T wafer TCP11. Simulation results
for the LNA S-parameters are also shown with lines only.

peaks at 161 GHz, coinciding with the peak in the measured re-
sponsivity of the radiometer.

Direct NETD measurements were performed in the setup
shown in Fig. 30, using a calibrated D-band ELVA-1 solid-state
noise source with a 13-dB excess noise ratio (ENR). The
D-band waveguide attenuator placed after the noise source
permitted controlling the input noise power level reaching the
DUT. The calibrated noise source was switched between the
hot and cold states via an external modulation voltage. The
cold noise state is approximately equal to the ambient room
temperature of 290 K, and the hot noise state is approximately
13 dB above this, or 6076 K. The radiometer output voltage
difference between the hot and cold states was measured using
a multimeter, and the output noise spectra at baseband were
simultaneously monitored using a spectrum analyzer. To facil-
itate measurements in a 50-{2 environment, and to amplify the
radiometer output signal above the noise floor of the test equip-
ment, an off-chip low-noise post-amplifier was used (AD620),
but its gain was de-embedded from all measurement results.

The expressions of the responsivity and of the NEDT are
given by

V.po
R= DC

(&)

Ninrr
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Fig. 30. Radiometer test setup with calibrated solid-state noise source.

and [10]

NEP
EA frp V27
respectively, where V,pc is the measured output dc voltage cor-

responding to N; gy, the input noise-power generated by the
noise source in the hot state

NEDT = (6)

Nimr = KTA fre 0N RF0/10(g)

where RF.ss describes the input setup loss between the noise
source and the DUT. NEP is obtained from the measured output
noise voltage at dc offset frequency f,,, = 1/27, normalized to
1/Hz,

Uno

Uno Vobe
NEP = = = 8
R NinRF ( )

By plugging (8) and (7) into (6), the final expression for NEDT
is then recast as

/UH,U

k A% 27—V0DC

where —204 is the ambient-temperature noise-floor (dBW),
integrated over 1-Hz bandwidth in watts. Thus, with a known
ENR (manufacturer provided), RFposs (measured indepen-
dently), and a given integration time (system-implementation
specific), the temperature resolution depends on the measured
output noise voltage at 1/27 and the measured dc voltage
change between the hot and cold noise states of the calibrated
noise source. Note that, with this NETD measurement method,
the RF noise bandwidth need not be known since it cancels out
and does not appear in the NETD (9).

The measured output noise voltage spectra of the radiometer
are reproduced in Figs. 31 and 32 for two different bias condi-
tions of the LNA and of the detector. Both the hot (top) and the
cold (middle) noise spectra are shown, along with the output
noise spectra when the LNA is unbiased, shown in the bottom
trace as a reference. A 1/f noise corner of approximately
500 Hz can be observed, with the low-frequency noise being
dominated by 60-Hz harmonic tones. For the spectrum in the
middle, the 1/f noise corner is less than 200 Hz, while no
1/f noise can be observed for the top spectrum when the
noise source is in the hot state. The signal roll-off at very
low-frequencies (<20 Hz) is caused by the dc blocking capac-
itor required in front of the PSA. Both the output noise level
and the 1/f noise corner of the detector are reduced under
the bias conditions in Fig. 32 when the LNA supplies are 1.4
and 2.8 V and the bias current density in the detector is set to
0.175 mA/pum?.

NEDT = 10(7204+ENR7RFL055)/1(] (9)
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Fig. 31. Measured radiometer output noise on-wafer PGT20 with hot noise
source (top), cold noise source, and with the LNA bias turned off and cold noise
source (bottom). The LNA stages are biased at the peak-f; current density from
1.5-and 3-V supplies and the detector is biased at 0.25 mA/ em?, corresponding
to the minimum detector NEP at 1-kHz offset.
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Fig. 32. Measured radiometer output noise on wafer TCP11 with hot noise
source (top), cold noise source, and with the LNA bias turned off and cold noise
source (bottom). The LNA stages are biased at the half-peak-f, current density
from 1.4- and 2.8-V supplies and the detector is biased at 0.175 mA/em?, cor-
responding to the minimum detector NEP at 160 Hz.

The NEDT was measured for a variety of bias conditions
using the cold-state noise voltage at 1/27 = 160 Hz and the
hot-state output dc voltage change. As can be concluded from
the output noise spectra in Figs. 31 and 32, it is critical to opti-
mally bias the LNA for high gain and low noise, and the detector
for minimum 1/ f noise, both important contributors to the noise
performance and the NEDT of the radiometer.

Fig. 33 shows the measured NEDT, at a low-frequency offset
of 160 Hz, and the radiometer responsivity as a function of the
current density in the input stage of the LNA. Since the min-
imum noise figure current density of the HBT cascode is dif-
ferent from the peak gain bias, the optimal bias setting differs
for responsivity (optimized by peak gain) and NEDT (optimized
by minimal noise). These results were obtained assuming an in-
tegration time of 3.125 ms, as in [4], a measured input system
loss of 4.15 dB, and by averaging the measured output noise
voltage between 150-170 Hz. A minimum temperature resolu-
tion of approximately 0.35 K is observed. When biased for op-
timal noise performance, the LNA consumes 36 mA from 1.4 V
and 13 mA from 2.8 V, for a total of 92 mW, including the bias
current mirrors.
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Fig. 33. Measured NEDT on wafer TCP11, at 160-Hz offset, and output dc
voltage change as a function of the LNA input stage current density with the
detector biased at 0.175 and 0.35 mA/um?, using 1.4- and 2.8-V supplies on
the LNA, and with the detector biased at 0.25 mA/;¢em?, using 1.5- and 3.1-V
supplies on the LNA.
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Fig. 34. Measured output noise spectra for hot and cold states and the corre-
sponding Y -factor.

When the detector was biased at 0.175 mA/zm?, which re-
duces the detector NEP at 160-Hz offset, the radiometer mea-
surements show approximately the same NETD as when the de-
tector was biased at 0.35 mA/um?. This is despite the fact that
the radiometer responsivity decreases 2.8 times. However, the
minimum NETD now occurs at a higher LNA input current den-
sity. This implies that the LNA has insufficient gain to suppress
the detector noise above 300 Hz, but also that the radiometer
exhibits lower overall output noise at 160-Hz offset. These re-
sults agree with the findings in [4] for a W -band InP radiometer
where the 1/f noise of the detector was found to have greater
impact than the LNA gain and noise figure in the NETD of the
radiometer.

The system noise figure and noise temperature—averaged
over the system noise bandwidth—can be determined by ob-
serving the ratio of the noise-power between the hot and cold
noise states, in a manner similar to the traditional Y -factor
noise figure measurement technique. Fig. 34 reproduces the
hot and cold noise spectra for the radiometer (top and middle
curves) with the noise-power ratio (Y -factor) shown in the
bottom curve. The ratio of the two powers is averaged between
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Fig. 35. Measured NEDT (from the output noise spectra at 160-Hz offset cor-
responding to 7 = 3.125 ms) across process splits as a function of the LNA
input stage current density. The LNA supplies were 1.5 and 3 V.
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Fig. 36. Measured output dc voltage change as a function of input noise tem-
perature on wafer TCP11, with the detector biased at 0.35 mA/;m? and using
1.4- and 2.8-V supplies on the LNA.

300 Hz—-1 kHz. An average Y -factor of 2.15 is measured, which
corresponds to an average system noise figure of

NFsys = ENR — 10log,, (Y — 1) = 12.4 dB

When subtracting the 4.15-dB setup loss at the input, an average
system noise figure of 8.25 dB is obtained. A system noise tem-
perature of 1645 K can be also derived from the average noise
factor and from the noise bandwidth. The latter is bias depen-
dent, rather ambiguous, and can be calculated from the mea-
sured radiometer Sa; (f) characteristics in Fig. 29

170GHz

S 521(f)0’f]

110GHz
170GHz

S (f)df

110G H.

~~ 10-16 GHz

Afrr = [ (10)

or can be approximated by multiplying the 3-dB bandwidth with
/2.

The NETD of the radiometer was mapped across the B4T
wafer splits and plotted in Fig. 35 against the collector current
density of the input transistor of the LNA. In general, the best
NEDT is obtained on the wafers that also have the highest am-
plifier gain: TCP11 and PGT20. Note also that the optimum
NETD current density is higher for wafer TCP11 than for wafer
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TABLE I
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COMPARISON OF TOTAL POWER RADIOMETER PERFORMANCE

Reference InP [4] SiGe [10] SiGe [11] CMOS[12] Bolometer [1] This work
f(GHz) 94 94 90 90 0.2-1THz 165

Afrr (GHz) 28 20 26 18 800 GHz 10

Tsys (K) 750 4306 1645

NEP (fW/Hz'*) 0.9 23 35 36 8 @7K 14-19

R MV/W) 4.5 2.5 43 0.67 28

NETD (K) 0.29 0.69 0.4 0.55 0.54 0.35
@freqoffset @ @10 kHz @? @400kHz  @6-30 Hz @160 Hz,

T 3.125mS 30 ms 30 ms 30 ms 0.725 ms 3.125 mS
Ppc (mW) ? 34.8 200 110 15000/channel 95

LNA gain (dB)  30-35 24 30 36 - >35

Det.NEP 1 4 NF =39 dB 200 0.008 @7K <6 at D-Band
(pW/Hz'?) 10 @290 K <2.5 at W-Band
Det.R (kV/W) 15 12 12 0.2 11

Det. 1/f corner 1000 10000 NA >1 MHz 30 <500

(Hz)

PGT20, in agreement with the HBT peak-f7 current density in
Fig. 14. The spread in NETD across wafer splits is 2—3 dB (from
0.35 to 0.55 K).

The preceding measurement setup and the experimental
results collected using it demonstrate that the most important
figures of merit of the radiometer, its sensitivity and system
noise temperature can be determined solely with low-frequency
instrumentation and a relatively low-cost DD-band noise source.
No millimeter-wave measurements are required, thus mini-
mizing large volume production test cost.

In contrast, to determine the radiometer responsivity, a
D-band signal source and power measurements are required.

From the measured responsivity of 9.6 MV/W in Fig. 33 and
from the output noise voltage of 136 nV/\/Hz in Fig. 32, a
minimum radiometer NEP of 14 fW/,/Hz is obtained on wafer
TCP11 at a detector current density of 0.175 mA/um?. From
the measured responsivity of 17 MV/W in Fig. 33 and from the
output noise voltage of 320 nV/y/Hz in Fig. 31, a minimum
radiometer NEP of 19 fW/,/Hz is obtained at a detector current
density of 0.25 mA/pm?2.

It should be noted that the radiometer occupies a much
smaller area than the heterodyne receiver in [16], making it
ideally suitable as a process monitor for the 50-§2 noise mea-
sure of the HBT and/or cascode stage using low-frequency test
equipment and a D-band noise source.

Finally, a measurement of dc output voltage as a function of
the input noise power was performed to quantify the thermal
sensitivity of the radiometer. The results shown in Fig. 36 cor-
respond to a thermal sensitivity of 8 1#V/K, higher than that in
[9]. This plot was obtained by changing the temperature of the
D-band noise source using a variable attenuator.

Table I compares the performance of this radiometer with
other passive imaging receivers fabricated in CMOS, SiGe, and
II-V technologies. The NETD, integration time, and to a less
extent the RF bandwidth, depend on system architecture and
implementation choices rather than transistor and detector tech-
nology.

VI. CONCLUSION

An integrated D-band radiometer with pre-amplification has
been demonstrated in a developmental SiGe HBT technology.
Wafer mapping across several process splits indicates that
the best radiometer sensitivity is obtained on the wafers with
highest SiGe HBT fyax, which result in the highest LNA
gain. If the LNA gain is sufficient to overcome the detector
noise, typically over 40 dB), then the optimum LNA bias
current density for best radiometer sensitivity corresponds to
the minimum noise figure/noise measure current density of the
input LNA stage. To these authors’ knowledge, this marks the
first D-band total power radiometer integrated in any semicon-
ductor technology. Its performance is comparable or better than
that of published W -band radiometer in silicon. The system
consumes 95 mW and occupies 765 x 490 pm?2. Temperature
resolution and NEP values as low as 0.35 K and 14 fW/Hz"/ 2,
respectively, estimated using standard 3.125-ms integration
times and the measured noise spectra at 160 Hz, indicate the
possibility of using such a system without any form of noise
chopping due to the excellent 1/ f noise corner, below 200 Hz.
The very low 1/f noise corner of the radiometer appears to
indicate that, unlike InP HEMT LNAs, high-gain SiGe HBT
LNAs do not suffer from gain fluctuations.

The state-of-the radiometer results and the large gain ampli-
fiers at 165 and 185 GHz reported in this paper suggest that the
D-band could emerge as a sweet spot for silicon-based imaging.
In comparison with the W-band, it benefits from several key
advantages, including: 1) simpler and more efficient on-die
antenna integration; 2) potential for wider-bandwidth systems;
3) smaller form factor; and 4) lower power consumption per
pixel. At the same time, SiGe BiCMOS technology is ideal for
the fabrication of total power radiometers since it features lower
1/f noise corner than both CMOS and III-V technologies,
larger gain per bias current consumption, and better BEOL than
nanoscale CMOS at a comparable price. Although wafer-scale
integration of a 2-D pixel array in SiGe BiCMOS or sub 32-nm
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CMOS technologies is attractive, market volumes need to
increase significantly to justify the development cost.
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