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S1Ge BiICMOS Heterodyne Receiver Frontend for
Remote Sensing with Small Satellites

Alexandra Gliick, Nick Rothbart, Klaus Schmalz, and Heinz-Wilhelm Hiibers

Abstract—Molecular spectroscopy with THz heterodyne re-
ceivers is an important and widely used method for remote
sensing of gases in space, in the Earth’s and planetary atmo-
spheres, as well as in the coma of comets. For the use on small
satellites, compact and light-weight receivers are needed. We have
developed an integrated SiGe BiCMOS receiver frontend which
is tunable from 225 GHz to 255 GHz and have characterized it for
heterodyne spectroscopy. The double-sideband noise temperature
is 11000 K at a local oscillator frequency of 240 GHz and the
Allan time is 1s. With this receiver we successfully performed
heterodyne absorption and emission spectroscopy of acetonitrile
in laboratory experiments.

Index Terms—BiCMOS integrated circuits, heterodyne spec-
troscopy, millimeter-wave technology, remote sensing, terahertz
technology.

I. INTRODUCTION

ETERODYNE spectroscopy in the millimeter-wave
(mmW) and terahertz (THz) region is an important tool

in space applications due to its capability of sensitive detection
of trace gases with high spectral resolution. The identification
and quantification of the molecules is based on spectral finger-
prints, mainly resulting from rotational transitions. Heterodyne
receivers in the mmW/THz range can be used, for example, for
the investigation of Earth’s atmosphere to provide information
about photochemical processes, pollution, or climate change.
A large variety of trace gases have been detected with high
spectral resolution (< MHz) by the Earth Observing System
Microwave Limb Sounder (EOS MLS) on the NASA Aura
satellite [1]. Among the detected molecules are, for exam-
ple, carbon monoxide (CO), chlorine monoxide (ClO), sulfur
dioxide (SO,), ozone (O3), nitrous oxide (N5O), water (HyO)
and acetonitrile (CH3CN). Global maps as well as altitude
profiles have been obtained from these data. The Earth’s
atmosphere has also been studied by the Superconducting
Submillimeter-Wave Limb Sounder on the International Space
Station [2] or the submillimeter wave radiometer on the Odin
satellite [3]. Recently, a THz heterodyne spectrometer has been
used for spectrally resolved observations of atomic oxygen
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in the mesosphere and lower thermosphere of Earth [4].
MmW/THz heterodyne spectrometers are also valuable for the
investigation of planetary atmospheres and comets [S]-[8].

For cost-efficient monitoring of the atmosphere, small satel-
lites are desirable. CubeSats are very small, low cost satellites,
which consist of modules with standardized interfaces, each
with a volume of 10 x 10 x 10cm® and a mass of up to
1.33kg [9]. By now, thousands of them have been launched
successfully, mostly for the purpose of Earth observation [10].
This approach has various advantages over large-scale satel-
lites and is promising for the future as can be seen by the
increasing number of CubeSat launches.

There are several receiver technologies for mmW/THz re-
mote sensing in planetary/Earth atmospheric science. GaAs-
and InP-based receivers provide the lowest noise temperature
(=~1000 K) without cryogenic cooling [11], but this technology
lacks the integration capability and therefore systems are
discrete or hybrid assemblies. These assembled systems have
a large form factor and a rather large weight. Thus, this
technology is not ideally suited for the use in nanosatel-
lites such as CubeSats. For the receiver frontend, Si-based
technology is well-suited as it offers the perspective for
very sensitive low-cost devices with a high integration level.
Heterodyne receivers were demonstrated in CMOS as well
as SiGe BiCMOS technology [12]-[14]. Sensitive absorption
spectroscopy was demonstrated using a SiGe BiCMOS trans-
mitter and receiver [15]. Also, CMOS receiver arrays were
reported which are feasible for imaging in the atmosphere [16].
It is important to note that compact backend spectrometers
suitable for this application have already been successfully
demonstrated [11], [17].

In this paper, we report on the performance of a SiGe
BiCMOS based heterodyne receiver operating in the frequency
range between 225 GHz and 255 GHz. The setup involves a
digital Fast Fourier Transform Spectrometer (dFFTS) as back-
end. We determined important parameters of the receiver front-
end such as the noise temperature, receiver antenna profiles
and the Allan time. Finally, we demonstrated the capability of
the system for heterodyne spectroscopy.

The paper is structured as follows: A short introduction of
the receiver (RX) in section II is followed by the description
of the experimental setups for the different characterization
measurements and the respective results (section III). In sec-
tion IV, we present the RX’s performance in our spectroscopy
setup. We conclude with a summary and outlook in section V.

II. SYSTEM DESCRIPTION

The heterodyne RX was implemented in IHP’s
SG13G2 technology, which is a 0.13um SiGe BiCMOS
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technology with very high bipolar performance of
fr/ fmaz = 300/500 GHz. It consists of a 3.25 mm x 1.34 mm
RX chip with a bowtie-antenna. The chip is glued on the
backside of a hyper-hemispherical silicon lens with 10 mm
diameter and a 1.4mm extension. Silicon was chosen due
to the high refractive index (=3.4) and low absorption
(absorption coefficient <0.01 cm ™! at 300 GHz). Simulations
of the antenna directivity with the lens yield 3dB beam
widths of 6° and 7.3° in the E- and H-plane, respectively.
The total efficiency of the antenna is ~65% (simulated
for a transmitter (TX) with the same bowtie-antenna and
silicon lens) [15]. The local oscillator (LO) of the RX is
based on a voltage-controlled oscillator (VCO) which is
tunable in frequency by an external phase-locked loop. The
VCO signal is amplified and frequency-doubled before it
reaches the mixer connected to the antenna, see Fig. 1. The
mixer has a conversion gain of 13dB [14]. The intermediate
frequency (IF) is passed to a low-noise amplifier (LNA) and
power detector or backend spectrometer through SMA-ports
located on the baseband board. The circuit details of the
RX are similar to the dual-band RX described in [15], but
with only one frequency band. A metal plate is attached
around the silicon lens for heat dissipation. The lens with
the RX chip is mounted on an adapter board, which is
plugged onto a baseband board (13cm x 13cm including
SMA ports) for evaluation purposes, see Fig.1. The LO is
tunable from 225 GHz to 255 GHz and the RX operates at
room temperature. The power dissipation of board and chip
is 3.3 W. For the chip alone, it is 0.93 W [15].

For spectrally resolved measurements, we used a digital
Fast Fourier Transform Spectrometer (dFFTS) with 1.5 GHz
bandwidth (DC to 1.5 GHz). It has 8192 spectral channels with
183 kHz width each [18].

III. RECEIVER CHARACTERIZATION
A. Antenna Profile

The setup for measuring cross-sections of the antenna
profile was arranged as follows: The RX was mounted on
a rotation stage and a TX which has the same design as
the LO of the RX was placed in 50cm distance to the RX.
From our measurements described in [15], we can assume
far-field conditions for this distance. The TX and the LO of
the RX were set to a frequency of 241 GHz and 243.15 GHz,
respectively. We detected the IF power with a diode power
detector (Keysight 8472B), mounted behind a 200 MHz wide
bandpass filter (Mini Circuits ZX75BP-2150-S+) and read out
its voltage with a multimeter while rotating the RX around the
vertical axis through its antenna. This was repeated with the
TX and RX rotated by 90° around the optical axis, so that the
cross-section of the antenna profile was measured both in the
E- and H-plane.

The RX was turned in 1° steps in a 70° range to obtain
an overview of the whole antenna profile (Fig.2). Then the
main antenna lobe was examined in 0.5° steps. We fitted a
Gaussian function to the latter data. From that, we derived the
far-field opening angles (full width at half maximum) which
are 6.8° £ 0.2° in the E-plane and 9.9° 4 0.1° in the H-plane,
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Fig. 1. a) Photograph of the heterodyne RX. The RX chip is on the

backside of the 10-mm diameter silicon lens in the center of the adapter
board which is mounted on a larger (13cm X 13 cm) evaluation board for
the laboratory experiments. The lens is attached to a metal plate for heat
dissipation. b) Schematic of the RX with dimensions and location of the
different parts. ¢) Circuit diagram of the RX Chip and the external PLL.

respectively. The uncertainties denoted here originate from
the covariance matrix of the fit. These results agree with the
opening angles of the TX (6.2° and 9.9°) reported in [15],
which operates at the same frequency and is equipped with
the same bowtie antenna. The pronounced sidelobes in the
E-plane antenna are caused by the bowtie antenna, which has
noticeable sidelobes in the E-plane but not in the H-plane [15].

B. Noise Temperature

The noise temperature of the RX, Try, was determined
with the Y-factor method. The RX was placed above a con-
tainer lined with Eccosorb® and filled with liquid nitrogen.
This served as cold load (T.,;q = 77K). It was covered
with a piece of Eccosorb® at room temperature as hot load
(Thot = 297K). The IF power was amplified (70dB LNA
chain, -10dB at input), passed through a low-pass filter to
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Fig. 2. Antenna profiles of the RX in the E-plane (top) and H-plane (bottom)
as determined with a TX as source and a diode as power detector. The y-axis
gives the relative intensity, referred to the intensity at the maximum. These
measurements were performed at an RX frequency of 243.15 GHz.

avoid aliasing (DC to 1400 MHz), and then analyzed with the
dFFTS. Additionally, a fan was used to reduce heating of the
RX. From the IF spectrum across the whole IF bandwidth of
1.5 GHz, the double sideband (DSB) noise temperature was
calculated according to

That -Y- Tcold

Y -1 o

Trx =
with Y = % and Sy and Sg, ;g being the signals from the
hot and the cold load.

Fig. 3 shows the DSB noise temperature spectrum for an LO
frequency of 240 GHz, which is in the center of the available
frequency band. We removed 23 spikes (single data points)
which originate from leakage of the divider signal for the
PLL (LO frequency/256), the clock (100 MHz) and frequency
mixing products thereof. The range around the divider signal
(937.5 MHz), which is by far the most prominent disturbance,
is marked in yellow. For the next RX generation, we will
eliminate the spikes, for example by filtering. Frequencies
up to 100 MHz are below the range of the amplifier chain,
hence the calculated noise temperature increases at lower
frequencies. This spectrum is the mean of 26 single noise
temperature measurements. To better distinguish the level of

the noise temperature in the noise of the data, the mean of
10 spectral channels is displayed, resulting in a resolution
of 1.83 MHz. The double sideband (DSB) noise temperature
is between 10000K and 13000K (noise figure 15.4dB -
16.5dB) for this LO frequency.
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Fig. 3. Noise temperature of the RX for an LO frequency of 240 GHz. This
dataset is the mean of 26 hot and cold measurements and the average of
10 spectral channels is displayed. Marked in yellow is the region around a
parasitic divider signal (used for the PLL) which leaks to the IF port. The
right axis displays the DSB noise figure.

From the root-mean-square (RMS) noise of the hot and
cold spectra which lead to Fig.3, we can estimate the min-
imum detectable temperature difference. For the mean of
26 spectra at 240 GHz with 1s integration time each and
1.83 MHz spectral resolution, it is approximately 2 K (yielding
~14K s/2 MHz!/?). This matches well with the radiometer
equation, which yields 1.6K for 11 000K noise temperature
for these parameters.

The DSB noise temperature was measured for different LO
frequencies with an integration time of 1s for one single
spectrum. In Fig.4, the mean of the noise temperature be-
tween 200 MHz and 400 MHz is shown for the different LO
frequencies. The error bars represent the standard deviation
of the datapoints used for the mean value. The DSB noise
temperature is between 9000K and 20000K (noise figure
15.0dB - 18.3dB). This is lower than the values reported
before ( [15], [19]) because we use a fan to keep the RX
at ambient temperature and due to some improvements of
the setup, in particular with respect to the intermediate signal
part. The noise temperature increases with the LO frequency.
This might arise from the fact that the LO output power
drops with increasing frequency as reported in [15]. These
noise temperatures are well-suited for passive emission and
absorption spectroscopy with moderate integration times.

C. Allan Time

To determine the Allan time of the RX, we placed a piece
of room temperature Eccosorb® at a distance of 5cm in
front of the RX. We connected an amplifier (AFD4-010040-
20P) to the IF port of the RX baseband board, followed by
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Fig. 4. DSB noise temperature of the RX for different LO frequencies. The
data are the mean of the values for IF frequencies between 200 MHz and
400 MHz, the error bars represent the standard deviation in this range. The
right axis shows the DSB noise figure.

a bandpass filter (Mini Circuits ZX75BP-2150-S+, 200 MHz
wide), a power detector (Keysight 8472B), and a multimeter.
We measured the power level of the IF signal for 10 min with
a sampling rate of 1kHz and an integration time of 1 ms.

Fig.5 displays the Allan deviation for a LO frequency of
241 GHz in the interval between 1 ms and 10s. The position
of its minimum (Allan time) is between 1 s and 2 s. This Allan
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Fig. 5. Allan deviation as calculated from a 10 min measurement of the IF
power. The LO was set to 241 GHz and the power level determined with a
diode and a multimeter.

time enables the detection of spectral emission and absorption
lines. In our setup, it is likely limited by environmental
conditions such as temperature drifts and air perturbations
since we used a fan to keep the RX temperature low. As the
Allan time indicates the optimum averaging time [20], the
results of these measurements were used as an orientation for
the integration time of the spectra presented further on.
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Fig. 6. Setup for heterodyne measurements of acetonitrile absorption (A) and
emission (B) lines. The optical axis is marked in red.

IV. MOLECULAR SPECTROSCOPY

To demonstrate heterodyne spectroscopy with the RX, we
chose acetonitrile (CoH3N) as a reference gas. It has multiple
strong rotational transitions around 239 GHz. We chose to set
the RX frequency to 239.3 GHz as this shifts all expected
lines to the lower sideband. Two different experimental setups
were used to measure absorption and emission spectra. The
setup for absorption measurements (Setup A) is depicted
in Fig.6. A 65cm long gas cell with Brewster windows
made from high density polyethylene was placed between
two polytetrafluoroethylene lenses (f = 115mm). On one
side, a black body source represented the hot background
(1273 K). Its radiation was temporarily blocked by a chopper
wheel whose surface (297 K) was the cold background. On the
other side of the gas cell, the incoming radiation was detected
with the RX. The IF signal was amplified by a 24-dB LNA
(2.9dB noise figure), filtered (LP filter DC to 1.4 GHz) and
then analyzed with the dFFTS (183 kHz spectral resolution).
For the measurement of emission spectra, we used Setup B
(Fig.6). An Eccosorb® lined container filled with liquid
nitrogen served as cold background (77 K) and the chopper
wheel surface (297 K) as hot background. One lens (L2) was
replaced by a gold coated flat mirror.

For each setup, normalized emission and absorption spectra
were determined from two sets of measurements: First, the
evacuated gas cell was filled with acetonitrile and measure-
ments were taken alternatingly with hot and cold background,
300 times each. Then, the gas cell was evacuated and the same
procedure was repeated with the empty gas cell to obtain a
reference spectrum. From the absorption measurements, the
transmission 7 was calculated according to

S _
’ hot,gas cold,gas (2)

B Shot7empty — Pcold,empty '
Here, Shot,gas denotes the spectra taken with the gas-filled
cell and the hot background, Scoi4,4qs denotes the spectra
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taken with the gas-filled cell and the cold background, and
Shot,empty aNd Scoid,empty are the according spectra with
the empty gas cell. From the emission measurements, the
normalized emission spectrum € was calculated according to
e=1—r.

Due to optical loss in the setup, the effective temperature
T,rs seen by the RX differs from the physical load tempera-
ture T'. The setup transmits a fraction ¢ of the load emission
and emits at room temperature (297 K). This leads to an
effective load temperature of

Topp=T t+297K- (1 —1). 3)

We used the reference spectra without gas to calculate the
effective noise temperature Tqy,;, of the whole setup. From
(1) and (3) we calculated the optical loss in the setup according
to

_ Trx +297K

= 4
Tsetup +297K @

A. Absorption Spectroscopy
Fig. 7 shows different spectra (Shot,gass Scold,gass

Shot,emptys Scold,empty) Which were obtained with Setup A
at 239.3GHz LO frequency. The gas cell was filled with
acetonitrile (30 Pa total pressure) and 300 single measurements
with 1s integration time were taken for each of the four
spectra. The spectra are the mean of these measurements. In
the hot spectrum, an acetonitrile absorption line at 275 MHz
is visible as a dip.
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Fig. 7. Snippets from the spectra taken with Setup A to determine the

acetonitrile transmission spectrum. The LO frequency was 239.3 GHz and for
each spectrum 300 single measurements were taken with 1s integration time.
Spikes (single datapoints) were removed for this display. In the red spectrum,
an absorption line is visible.

From the spectra with the empty gas cell, the effective
DSB noise temperature of the setup was calculated to be
Tsetup ~ 23000K between 200 MHz and 400 MHz. With
a RX noise temperature of Trx = 11000K at this LO
frequency (compare Fig.4), the optical loss in the setup
amounts to 52% according to (4). Approximately 23% loss
is due to absorption and reflection at the two lenses and

two windows. Additional loss arises from the alignment and
dimensions of the setup components: The antenna side lobes
are partly outside the apertures of the optical components,
as the far-field opening angle which includes the sidelobes is
~ 4.5 times larger as the opening angle of the main antenna
lobe only. With the different opening angles in E- and H-
plane, the foci positions on the z-axis do not match and
make the coupling to the small aperture (12.7 mm diameter)
of the blackbody source difficult. Since the blackbody source
is optimized for the infrared range, the emissivity in the
millimeter wave range might be smaller than one. This leads
to an additional overestimation of the loss when calculating it
from the spectra.

DSB transmission

Vio= 239.3 GHz

0.7
100

200 300 400
Intermediate frequency (MHz)

500

Fig. 8. DSB transmission spectrum of acetonitrile at a total pressure of 30 Pa
for a LO frequency of 239.3 GHz. The spectrum is obtained as described by
(2). The spectral resolution is 183 kHz. In red, the line positions from the JPL
database are marked.

In Fig.8, the transmission spectrum is shown, where the
data are normalized as described by (2). The red sticks at the
top indicate the line positions according to the JPL data base.
These lines are all in the lower sideband of the RX. At this
pressure, the first two lines appear as one broad line. Three
additional weak lines which are not in the data base can be
seen as well (at 260 MHz, 400 MHz, 450 MHz). They were
also reported in a previous publication [21] and are detected
in the upper sideband of the RX .

B. Emission Spectroscopy

With Setup B, we measured emission spectra of acetonitrile.
Fig. 9 shows, analogous to Fig.7, the mean of 300 spectra of
measurements with hot (297 K) and cold (77 K) background,
with and without gas in the cell. The LO frequency was
239.3 GHz and the total pressure 30 Pa. Here, the emission is
visible as a peak in the spectrum with gas and cold background
(dark blue). Note that the difference between the hot and
cold signal is smaller than in Fig.7, because of the smaller
temperature difference between hot and cold background. In
this setup, the noise temperature of the whole setup between
200MHz and 400 MHz is Tetyp =~ 15000K (at 239.3 GHz
LO frequency), which corresponds to an optical loss of 27%.
Here, the two windows and the lens lead to approximately 12%
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loss by reflection and absorption. The apertures of the optical
components induce further loss, especially with regard to the
antenna sidelobes as described for the absorption spectroscopy.
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Fig. 9. Snippets from the spectra taken with Setup B to determine the

acetonitrile emission spectrum. The LO frequency was 239.3 GHz and for
each spectrum 300 single measurements were taken with 1s integration time.
Spikes (single datapoints) were removed for this display. An emission line is
visible as peak in the dark blue spectrum.

In the DSB emission spectrum (Fig. 10), the same rotational
transition lines as in Fig. 8 are visible, but the spectrum is nois-
ier because of the smaller difference between the background
temperatures.
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Fig. 10. DSB emission spectrum of acetonitrile at a total pressure of 30 Pa
for a LO frequency of 239.3 GHz. The spectral resolution is 183 kHz.

Fig. 11 shows an emission spectrum at 10 Pa total pressure.
Here, we applied a temperature scale (see description below)
as y-axis to compare our spectrum with typical spectra of
atmospheric gases. Due to the lower pressure, the line widths
are a bit smaller than in Fig. 10. The figure shows a frequency
range where only lines from the lower sideband appear.

We assumed a sideband ratio of 1. Measurements of the
same emission line at different LO frequencies with the line
one time in the upper and one time in the lower sideband
confirmed this assumption. The spectrum was scaled to the

effective temperature range defined by the temperature of the
loads and the optical loss of the setup. The RMS noise in
the spectrum is 2.9K and determines the brightness tem-
perature of the weakest detectable lines in this setup with
these parameters. The baseline here is considerable higher than
typical baselines from atmospheric measurements. There, the
cold background temperature is determined by the radiance
from space and loss in the atmosphere whereas here, it is
determined by the liquid nitrogen background (77 K) and the
optical loss (4).
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Fig. 11. Emission spectrum at 10 Pa acetonitrile, assuming a sideband ratio of
1. The y-axis represents the effective temperature scale considering the loss in
the setup. The lines are from the lower sideband (LO frequency 239.3 GHz).

V. SUMMARY AND OUTLOOK

We characterized a RX fabricated in SiGe BiCMOS technol-
ogy with regard to heterodyne spectroscopy. We demonstrated
heterodyne absorption and emission spectroscopy in a labora-
tory environment. The results show that it is feasible to use the
RX for heterodyne measurements in space, for instance for the
examination of atmospheric gases. Key features of the RX are
an Allan time of 1s and a noise temperature between 9 000 K
and 20000 K for frequencies between 225 GHz and 255 GHz.
The noise performance within the IF bandwidth between
0.1GHz and 1.5GHz varies only slightly from 11000K to
13000K at an LO frequency of 240 GHz. Noise temperatures
of other heterodyne instruments for space applications which
operate in this frequency range are e.g. 1200K — 1600K
(DSB) for the 240 GHz radiometer of the EOS MLS [1]. This
is smaller by about a factor of 10 than the noise temperature
presented here. Still, with a minimum detectable temperature
difference of approximately 14K s'/2 MHz!/2, it seems
feasible, for example by adjusting integration time and spectral
resolution, to obtain spectra with a temperature resolution in
the order of 1K. Typical absorption lines of gases in the
atmosphere have brightness temperatures from approximately
0.2K up to several hundred Kelvin [1]. To achieve an RMS
noise comparable to the one of the above-mentioned MLS
radiometers (0.4 K for 96 MHz spectral channel width), the
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integration time of our SiGe BiCMOS RX has to be about
15s.

For measurements with a heterodyne spectrometer on a
CubeSat, the spectroscopy setup would be reduced to RX,
calibration load (for example a blackbody source), amplifier
if necessary and spectrometer. As mentioned above, compact
backend spectrometers for astronomical applications were al-
ready demonstrated [11], [17], [18].

An alternative approach to our SiGe RX is a hybrid
CMOS / InP heterodyne spectrometer [17]. It features a horn
antenna and an external InP LNA in front of the CMOS
RX which has a center frequency of 183 GHz. The reported
noise temperature varies between 700K and 1000K. This
is roughly ten times better than our system which corre-
sponds to 100 times shorter integration for the same SNR.
Schottky diode mixers also achieve low noise temperatures.
For example, in [22] the authors report on a 557 GHz GaAs
membrane Schottky diode mixer with a DSB noise temperature
of 1 100 K. In [23], a 250 GHz Schottky diode mixer with DSB
noise temperatures between 580K and 1200K is presented.
Compared to InP and Schottky diode based RX systems, it
is easier to produce a fully integrated RX system in SiGe
BiCMOS technology. It offers a better integration into the
baseband electronics and is available at lower cost. This is a
significant advantage with respect to the application in small
satellites.

The performance for spectroscopy can be further improved
by optimizing the electronic circuitry in order to eliminate
spurious signals, for example by appropriate filtering, and
by improving the optics. Also, using a more advanced SiGe
BiCMOS technology and cooling of the RX will result in a
better noise temperature.

In conclusion, SiGe-based heterodyne receivers are promis-
ing for nanosatellite missions due to low costs and very good
performance for passive gas spectroscopy and remote sensing.
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