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Abstract: W-Band radiometers using intermediate frequency down-conversion (super-heterodyne)
and direct detection are compared. Both receivers consist of two W-band low noise amplifiers and
an 80-to-101 GHz filter, which conforms to the reception frequency band, in the front-end module.
The back-end module of the first receiver comprises a subharmonic mixer, intermediate frequency
(IF) amplification and a square-law detector. For direct detection, a W-Band detector replaces the
mixer and the intermediate frequency detection stages. The performance of the whole receivers has
been simulated requiring special techniques, based on data from the experimental characterization of
each subsystem. In the super-heterodyne implementation a local oscillator at 27.1 GHz (with 8 dBm)
with a x3 frequency multiplier is used, exhibiting an overall conversion gain around 48 dB, a noise
figure around 4 dB, and an effective bandwidth over 10 GHz. In the direct detection scheme, slightly
better noise performance is obtained, with a wider bandwidth, around 20 GHz, since there is no
IF bandwidth limitation (~15 GHz), and even using the same 80-to-101 GHZz filter, the detector can
operate through the whole W-band. Moreover, W-band detector has higher sensitivity than the IF
detector, increasing slightly the gain. In both cases, the receiver performance is characterized when a
broadband noise input signal is applied. The radiometer characteristics have been obtained working
as a total power radiometer and as a Dicke radiometer when an optical chopper is used to modulate
the incoming signal. Combining this particular super-heterodyne or direct detection topologies and
total power or Dicke modes of operation, four different cases are compared and discussed, achieving
similar sensitivities, but better performances in terms of equivalent bandwidth and noise for the
direct detection radiometer. It should be noted that this conclusion comes from a particular set
of components, which we could consider as typical, but we cannot exclude other conclusions for
different components, particularly for different mixers and detectors.

Keywords: radiometers; detectors; W-band

1. Introduction

In W-band, there are two main areas of interest for radiometric systems: one of them
features scientific applications that include observations of the Earth, radio astronomy [1,2]
and spectroscopy [3]; the other one includes the security control applications and low
visibility situations through the acquisition of millimeter wave images [4,5]. Among the
experiments in the field of radio astronomy are those devoted to analyzing the Cosmic
Microwave Background (CMB), which are affected by undesired signals such as foreground
emission [6]. The W-band (75-110 GHz) offers an atmospheric window for terrestrial
observation of CMB. The very low noise receivers used in radio astronomy are radiometers
that require high stability and sensitivity and allow to measure the electromagnetic emission
of abody, distinguishing small levels of signal power [7-9]. The sensitivity of the radiometer
is established by the temperature of the lowest detectable source, which is generally
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bounded by the noise fluctuations that appear at the output of the receiver for a null
input. For a thermal noise type signal, special techniques are used in order to reduce the
fluctuations of noise and gain produced by the circuits of the receiver itself and to be able
to distinguish them from the signal of interest to be measured.

A total power radiometer provides an average value of the voltage given by a
quadratic-law diode detector, proportional to the noise power received by the antenna plus
the receiver. The radiometric sensitivity, defined as the minimum detectable temperature
change of the antenna expressed in Kelvin, at the radiometer output depends on the sys-
tem thermal noise Tsys, the Equivalent Noise Bandwidth of the High Frequency section,
Byr (Hz), and the equivalent bandwidth of the Low Pass filter or integrating circuit (Brr)
with an integration time constant 7 (seg) = 1/(2Byr) [8], and is expressed as:

Tsys

\V BHFT

where a high gain is assumed and gain-noise fluctuations are neglected.

Receiver gain and noise fluctuations worsen this sensitivity. The Dicke receiver
implements a synchronous detection [10-12] which diminishes the decrease in sensitivity
due to these fluctuations. It is based on measuring periodically, switching between the
power received from the antenna and the received from a load at the temperature of
reference. The drawback is that, as the signal of interest is only received half of the time,
the sensitivity is half that of a total power receiver, given by

AT = 1)

@

Traditionally super-heterodyne topology is well suited to process the signal mostly in
lower frequencies, including multichannel filter banks or digital spectrometers, for example.
For total power measurements, direct detection radiometers may provide a simple solution
as long as high-frequency, low-noise amplifiers, filters, and detectors are available.

In this work, the design and characterization of W-band radiometers with super-
heterodyne and direct detection topologies are presented, operating as a total power
radiometer and as a Dicke radiometer, allowing by extrapolation the evaluation of W-band
instruments composed of a group of those receivers. Previous works have presented the
development and characterization of the opto-mechanical components (antenna front-end)
and the design and optimization of a polarimeter in W-band [13,14], as well as the use of a
total power radiometer with direct detection in W-band for imaging systems [15].

This paper is structured as follows: In Section 2, the two topologies under consider-
ation (super-heterodyne and direct detection) are described. Details are given of all the
constituting subsystems. Then, in Section 3, simulation procedures for both operation
modes: total power and Dicke mode are described and applied to both topologies. In
Section 4 characterization of assembled radiometers operating in the described modes is
shown, allowing the comparison between topologies and operation modes for the given
subsystems. Comparisons with other reported W-band radiometers are shown. Conclu-
sions are drawn in Section 5.

2. W-Band Radiometer Topologies

The total power radiometer developed in the super-heterodyne version is divided
into three main parts: a front-end module with low noise amplification and band-pass
filtering in W-band (RF), an intermediate frequency section (IF) with amplification, and,
finally, quadratic-law diode detection. A schematic block diagram of the super-heterodyne
radiometer is shown in Figure 1.
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LNA + ISO + LNA Mixer + IF Amp.  Detector
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Figure 1. W-band super-heterodyne radiometer.

W

Amplification in the front-end consists of two low noise amplifiers interconnected
by means of a low-loss isolator. Subsequently, the signal is filtered in the W-band using a
waveguide band-pass filter (BPF) and converted to IF using a sub-harmonic mixer. After
mixing, the IF signal is amplified by means of a broadband amplifier, and the signal is
then converted to DC with a quadratic-law diode detector. It should be noted that the IF
bandwidth of the mixer may contribute to narrow the system bandwidth determined by
the BPE.

In the direct-detection version, the IF section is omitted and RF front-end output is
applied directly to a W-band detector (see Figure 2).

LNA + ISO + LNA Detector

Figure 2. W-band direct detection radiometer.
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Next, the subsystems that constitute the radiometers are described.

2.1. Low Noise Amplifiers in W Band

The low noise amplifiers (LNA) used in the W-band are commercial microwave
monolithic integrated circuits (MMIC), which have been mounted on a custom-designed
chassis with microstrip transitions to waveguide WR-10.

The first amplifier is from OMMIC (model CGY2190UH/C2). It is an MMIC designed
in 70 nm high electron mobility transistor (HEMT) metamorphic technology. Mounted
on the chassis with transitions to guide WR-10, it provides a gain above 25 dB from 75 to
105 GHz and a noise around 3.5 dB, with a nominal DC power consumption of 39.6 mW.
The results of gain and noise are shown in Figure 3.

The second amplifier is an LNA from NGC, model ALP283. This amplifier is made
with 100 nm Indium Phosphide (InP) HEMT technology. This MMIC provides nominally
gain around 30 dB and noise figure around 3.5 dB in the band from 80 to 100 GHz, for
a DC bias consumption around 30 mW as shown in Figure 3. It should be considered
that, in general, custom assembly might worsen on wafer performance due to additional
losses and other effects [16]. DC bias point has been slightly tuned from the nominal one
provided by the manufacturer in each setup.

For the measurement of gain and noise, a noise figure analyzer (NFA8975A from
Keysight Technologies, Santa Rosa, CA, USA) was used together with the QHSW3FBDO
down-converter mixer by Quinstar. Those measurements have been made at a fixed IF of
100 MHz, with a W-band noise source model QNSFB12LW by Quinstar, with an excess
noise ratio (ENR) of about 15 dB in the whole band.

Both LNAs were connected by means of an HP WR365A isolator to avoid mismatching
between both amplifiers and to prevent gain ripple. The isolator shows insertion loss of
about 1.5 dB and provides isolation over 25 dB in the W band (Figure 4).



Electronics 2021, 10, 2317 4 of 24

15 1 —=— Gain (OMMIC)| ]
—0— NF (OMMIC)
—e— Gain (NGC)
10 - —O—NF (NGC A

0 L 1 L 1 " 1 L 1 "
80 85 90 95 100 105

Freq (GHz)

Figure 3. Gain and noise of MMIC LNAs: CGY2190UHC2 (OMMIC) Ppc = 39.6 mW; and ALP283
(NGC) Ppc =30 mW.
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Figure 4. Forward (521) and reverse (512) gain of HPWR365A Isolator.

To provide a perspective of the technology of W band LNAs at room temperature,
Table 1 lists a comparison of the LNAs employed in this setup with other references from
different technologies. It should be mentioned that SiGe technologies [17] could provide
lower consumption than GaAs based metamorphic or InP HEMT, but with slightly higher
noise figures. Even GaN technology [18] can provide similar noise figures, but with higher
consumption, as could be expected from a technology conceived to handle higher power
levels than the typical for LNAs. In addition, it should be mentioned that some of the LNA
performances listed in Table 1 correspond to on wafer measurements, which differs from
on chassis mounted [16].

Table 1. LNAs performance comparisons.

Reference Technology Bs4p (GHz) NF (dB) Gain PDC mW
[16] Ommic. Mounted 75-105 44 14.9 -
[17] 0.13 um SiGe 70-87 4.2 223 8
[18] GaN 8698 3.8 20 128
This work: Ommic CGY2190UH 70 nm methamorphic HEMT mounted 75-105 3.5 25 39.6

This work: NGC ALP283 100 nm InP HEMT mounted 80-100 3.5 35 30
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2.2. Bandpass Filter

The Band Pass Filter (BPF) is a waveguide filter that covers the band 80.1-101 GHz
(3 dB bandwidth over 23%) and in-band insertion losses of about 0.4 dB. The design
details and measurements obtained from different prototypes of the filter can be found
elsewhere [19].

2.3. Sub-Harmonic Mixer

A commercial sub-harmonic mixer of Quinstar, model QHSW3FBDO, is used to
convert to intermediate frequency in the super-heterodyne version. It is a third-harmonic
mixer with low conversion losses and a wide IF bandwidth. It works over the whole
W-band (75-110 GHz) and is suitable for super-heterodyne radiometer implementation in
the laboratory using a low-frequency source as the local oscillator (LO) (1/3 of W band). It
has a WR-10 waveguide for RF input and a diplexer for both, the input of the local oscillator
signal and the IF output.

LO frequency can be tuned between 25 and 36 GHz. A value of 27.1 GHz with 8 dBm
power has been used in the receiver, providing a conversion loss of around 15 dB in a
range of intermediate frequencies (IF) from 0.1 to ~15 GHz. This range narrows the system
bandwidth. In Figure 5 the measured conversion loss of the mixer is shown over the RF
frequency. Conversion loss has been estimated from the total gain measurement of the two
W-band amplifiers together with the isolator, the BPF and the mixer, and discounting the
gains of each amplifier and the insertion losses of the insulator and the filter, respectively.
A significant increase in losses over 96 GHz must be noted, as it is considered that it will
contribute to narrow the effective bandwidth and noise performance. Nevertheless, the
IF bandwidth exceeds by far the nominal value in the mixer datasheet. About LO to IF
isolation, a value of 31.36 dBc is obtained from the manufacturer’s datasheet for a 27.1 GHz
LO. Considering that the IF bandwidth is around 15 GHz, signal leakage at 27.1 GHz is far
from the falling edge of conversion losses, therefore it is not considered a concern.

35

30

N
a
I

10 | -

5 " 1 " 1 L | " 1 " | : | L 1 " 1 " |

80 82 84 86 88 90 92 94 96 98 100
Freq (GHz)

Figure 5. Measured conversion loss of the QHSW3FBDO mixer for a LO frequency of 27.1 GHz and
power of 8 dBm.
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The mixer is expected to add a relatively small contribution to the total system noise,
since it is placed after the two amplifiers providing both together a gain above 40 dB.

2.4. IF Amplifier

The intermediate frequency amplifier is a Triquint distributed amplifier; model
TGA2513, fabricated in 0.15 um gallium arsenide (GaAs) pseudomorphic HEMT (pHEMT)
technology. This amplifier works from 0.5 to 23 GHz with a gain of around 15 dB and noise
figure below 4 dB, for a DC polarization of Vd =5 V and Id = 90 mA.

2.5. IF Detector and Video Amplifier

The diode detector HP8474E, which operates from 10 MHz to 50 GHz with a sensi-
tivity of around 500 mV/mW, has been used as a quadratic-law diode detector for the IF
frequency.

The video amplifier is the low noise preamplifier SR560 from Stanford Research
Systems, which allows buffering of the detector output, video amplification (low frequency)
and provides the required low pass filtering, suitable to be tuned.

2.6. W-Band Detector and Video Amplifier

For the W-band detector, a waveguide-mounted (WR-10) commercial model 47326 H-
1100 from Hughes was used (Figure 6 shows its measured responsivity in W-band and
Figure 7 its input reflection coefficient). The video amplifier is the same model as in the IF
case, SR560 low noise preamplifier model, from Stanford Research Systems.

1600 T T T T T T T T

/

1400

) _
200 | . / -
\.\ J

1000 1

800 —

Responsivity (mV/mW)

600 [ -

400 P BN, RSN | B | WS | MU N R
70 75 80 85 90 95 100 105 110 115

Freq (GHz)

Figure 6. Measured detector responsivity over the W-band.
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Figure 7. Measured input reflection of W-band detector.

3. Radiometer Simulations: Total Power and Dicke Modes

Mathematical developments of radiometer models are well known ([7-12]). Our scope
in this section is to define a simulation procedure to predict radiometer performance, once
the different constituting subsystems have been individually characterized, and taking
into account the different modes of operation. Using the available data of the different
subsystems (S-parameters and noise figure for amplifiers and filters, conversion losses
versus frequency for the mixer, responsivity versus frequency for detectors) some system
level simulations have been done [20] to address the foreseen behavior of both topologies:
super-heterodyne and direct detection in total power mode and in Dicke mode. The
behavior of a complex receiver is not easily emulated in a conventional RF circuit simulator,
especially when its sub-systems are defined by their frequency domain parameters and it
is excited by broadband noise-like signals and under switching operation. Therefore, the
definition of an ad hoc procedure is required. For the total power mode, the simulation
procedure (described in [15]) starts with the definition of the Equivalent Noise Bandwidth
of a radiometer chain with gain G(f), given by [8]:

/G’

- [GA(f)df ©)

Bur

which can be re-written in terms of detected output voltage, dependent on the input
frequency [21]. This requires evaluating the output DC voltage of the detector when a
single tone at a frequency f = f; is applied, which implies, in a first approach, neglecting
any intermodulation or spectral regrowth. The fi frequency is swept across the entire band
of interest. This sweep is discrete with N points and a frequency step Af. The noise floor is
accounted for with an offset value V¢, leading to the following expression:

Mz
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[=
=
~—~~
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(|

N-+1

The actual operation of the radiometer occurs with a broadband noise input signal,
which power depends on the noise temperature of the input load, switching between cold
and hot states. To emulate this operation mode with Harmonic Balance (HB) simulations in
the frequency domain, a frequency sweep of an equivalent tone, including system noise, is
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applied to the noiseless system. The Effective Noise Bandwidth By is required to compute
the equivalent tone power. Therefore, a previous sweep in harmonic balance is done with
an approximate power to estimate the Effective Noise Bandwidth under these conditions.
Then, the resulting By, together with the values of equivalent noise temperature (Tsys) of
the system and temperature corresponding to the input power (Tr) and the Boltzmann
constant (k), are used to calculate the power that the equivalent-in-power tone to broadband
noise should have, as shown in expression:

Prone = k(TR + Tsys)Brr = KT1Bpr %)

In the HB simulation, the input signal is swept over the band, concentrating all the
power at each frequency step: a single tone @f; with a power level equivalent to the
broadband noise is frequency-swept in band to have approximately the same compression
as in actual operation. Therefore, the DC output voltage is estimated as an average of the
DC output values of the frequency sweeping in the operation band:

Voutbe :mi: 1...N (6)

Simulation of the radiometers in Dicke mode requires the use of transient envelope
tools (to reproduce better the effect of modulation) and the modification of available
models, particularly S-parameters, to be used in such a time-domain contest like in [22]. To
implement the simulations, a CW carrier at 90 GHz (in the center of the intended band) will
be modulated by a square signal at a low frequency in the range of 100 Hz, in agreement
with the frequency applied to the available optical “chopper” to emulate switching between
ON and OFF states. The 90 GHz signal will be processed using Harmonic Balance and the
envelope time scale will be determined by the 100 Hz modulating signal. In the case of
the super-heterodyne radiometer, the local oscillator frequency should be included in the
Harmonic Balance. In this operation mode the concern is not the detected output voltage
raw, but processed comparing ON (Tr = Tyot) and OFF (Tr = Teq19 = To = 290 K) states: the
R parameter defined as the Root Mean Square of the difference among detected voltage
output at ON state and at OFF states [10]. R parameter and the use of the optical chopper
will be further described in more detail.

Apart from sensitivity Equations (1) and (2), other figures of merit, like the Noise
Equivalent Power (NEP) are commonly used to characterize detectors and by extension to
complete radiometers including pre-amplification. NEP is defined in Equation (7), where
TSS is the Tangential Sensitivity and its relationship with sensitivity Equations (1) and (2) is
presented in Equation (8) where a detector is defined by its NEP4.; with pre-amplification
(gain G, Noise Temperature Tsys) is supposed [23]. In fact, Equation (1) is a simplification
of Equation (8) if high gain is supposed. If no pre-amplification is considered (case of a
stand-alone detector), only the second adding under the root in Equation (8) would remain
with unit gain (G = 1).

NEP = (BTS)Sl 7 @)
HF
o | [T . (NEPdet\?] 1 )
- BHF kGBHF 2T

3.1. Super-Heterodyne Radiometer in Total Power Operation

According to the described procedure, the voltage profile response versus input
frequency shown in Figure 8 was obtained with the super-heterodyne topology with the
input tone power level corresponding to hot temperature, including also the power due
to internal system noise. A Noise figure of 5 dB was estimated by simulation for the
system, which corresponds to Tsys = 644.35 K. An ENR =15 dB converted to Ty, gives a
value of 9721.6 K. The estimated bandwidth was 18 GHz. Cold and hot estimated power
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values were —66.3 dBm and —56.01 dBm, respectively. Considering cases for cold and
hot temperature, two points could be marked and the line connecting both give us an
estimation of the system responsivity about 1.5 uV /K (Figure 9). Assuming an integration
time of 30 ms, according to Equation (1), a value of 27.7 mK could be estimated for AT.

60 . T . T : T L T . T . T

50 - .

40 -

30 -

Vet (MV)

20 -

10

0 1 5 1 . 1 . L . h 1 .
75 80 85 90 95 100 105 110

Freq (GHz)

Figure 8. Simulated detected voltage versus input frequency for the super-heterodyne topology.
Sweeping input tone —56.01 dBm (Tsys + Tht), mean Vout: 16.04 mV (hot point).

18 . T : T : T : T : T

16 L
6 y = 0.0015x - 0.0004

14

12

Vet (MV)

0 L 1 L 1 L 1 L 1 " 1 L
0 2000 4000 6000 8000 10000 12000

T7 (K)

Figure 9. Simulated responsivity of the super-heterodyne radiometer when switching noise source
between OFF and ON state (Temperature).

3.2. Direct Detection Radiometer in Total Power Operation

The same simulation was performed in the direct detection system, obtaining the
Voltage profile response versus input frequency shown in Figure 10 with the input tone
power level corresponding in this case to cold temperature (including equivalent power
due to system noise). A noise figure of 4 dB was estimated by simulation for the system,
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which corresponds to Tsys = 450.54 K. Ty is the same as in the previous case, 9721.6 K. The
estimated bandwidth was 20.57 GHz. Cold and hot power estimated were —66.73 dBm
and —55.52 dBm, respectively. Considering both cases for hot and cold temperatures,
two points could be marked and the line connecting both gives us an estimated system
responsivity of about 11.8 uV/K (Figure 11). Assuming an integration time of 30 ms, a
value of 18.39 mK could be estimated for AT according to Equation (1).

40 1 I I I I I

20

Vet (MV)

75 80 85 90 95 100 105 110
Freq (GHz)

Figure 10. Simulated detected voltage versus input frequency for the direct detection topology.
Sweeping input tone —66.73 dBm (Tsys + Teg1q), mean Voyt: 9.1 mV (cold point).

140 T T ¥ T y T Y T ' I
120 - y =0.0118x - 0.017 .
100 -

80 -

Vdet (mV)

60

40 +

20 |+

0 L 1 L 1 " 1 L 1 L 1 L
0 2000 4000 6000 8000 10000 12000

T1 (K)

Figure 11. Simulated responsivity of the direct detection radiometer when switching noise source
between OFF and ON state (Temperature).

3.3. Comparison of Super-Heterodyne and Direct Detection Radiometers in Total Power Operation

Table 2 summarizes the comparison of simulated results for both topologies in total
power operation. The noise figure of radiometers is dominated by the RF front-end
contribution, therefore the expected value of 3.5 dB should be almost maintained when
adding the different back-end contributions. A worst-case with an averaged in-band noise
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figure of 4 dB for direct detection or 5 dB for heterodyne detection has been assumed,
according to simulated results supposing some additional losses, to calculate the input
power equivalent to system noise.

Table 2. Total Power radiometer simulations for both, super-heterodyne and direct detection radiometers.

Pin Cold Vmean Pin Hot Vmean Responsivity Responsivity
Topology  Bur (GHz)  NF(dB)  ATmK)  “p)"  ColdmV)  @Bm)  Hot(mV)  (mV/mW) (LV/K)
RF Chain 20.91 3.5 - - - - - - -
RE -+ mix IF 17.8 5 27.72 663 15 56,01 16.04 6 x 106 15
+ det IF
RF + det W 20.56 4 18.39 —66.73 9.1 —55.52 120.03 4 x 107 11.8

3.4. Super-Heterodyne Radiometer in Dicke Operation

For the simulations, the power of an ON-OFF modulated 90 GHz input tone has been
arbitrarily swept from —105 dBm to —55 dBm. Based on the time evolution of output
voltage, switching between two states at a low frequency of 100 Hz, an R parameter is
defined averaging the difference between Vot (ON) and Vot (OFF). The evolution of the
R parameter versus input power and versus input equivalent temperature (Figure 12) has
been represented to determine system responsivity. A value of 4.6 uV /K has been found.
Further description of R parameter is given in Equation (12), in Section 4.1.2.

50 T T T T T T T T

prai ]
wl y = 0.0046x - 0.0356 1
30 ]

25 | E

R (mV)

20 -
15 |

10

0 L 1 L 1 n 1 n 1 n
0 1000 2000 3000 4000 5000

T1 (K)

Figure 12. Simulated responsivity through R parameter of the super-heterodyne radiometer in Dicke
operation mode versus input power (temperature Tt).

3.5. Direct Detection Radiometer in Dicke Operation

As in the previous case, the power of a 90 GHz input tone has been arbitrarily swept
from —105 dBm to —57.5 dBm. The time evolution of the output voltage is shown in
Figure 13. Based on it, the R parameter is obtained and a system responsivity of 6.4 uV/K
has been found in this case (Figure 14), higher than the super-heterodyne radiometer, in
agreement with the trend observed in total power responsivity.

3.6. Comparison of Super-Heterodyne and Direct Detection Radiometers in Dicke Operation

Table 3 summarizes the comparison of simulated responsivities and sensitivities
of the four cases: super-heterodyne in total power mode, super-heterodyne in Dicke
operation, direct detection in total power mode and direct detection in Dicke operation.
The improvement in responsivity is clear for the super-heterodyne topology (from 1.5
to 4.6 uV/K) but not for the case of direct detection. An integration time T = 30 ms is
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supposed for the sensitivity. The higher sensitivity of direct detection scheme is related to
the broader bandwidth and to a slightly lower noise figure [23,24].

50 T T T T T T T T T T T T T T T T T
CW Power (dBm)| |
—— -105
——-102.5
40 F 100/
—y— 975
-95
—4— -92.5| 1
. -90
—o— -87.5
E 30 —— -85 |
= —— 825
-— —O—  -80| 4
3 —— 775
> > 75
20 == -72.5
-70
—— -67.5
—— -65| |
-62.5
10 ——  -60/
—y— -57.5
0 ta

0 2 4 6 8 10 12 14 16 18 20
Time (msec)

Figure 13. Simulated time domain (transient enveloped) response of the direct detection radiometer
under Dicke operation mode for several input power levels.

50 : : . .
45 | )
40l y = 0.0064x - 0.004 :
35 - _
30 |

25 -

R (mV)

20 -

15 |

0 L 1 L 1 L 1 " 1 "
0 1000 2000 3000 4000 5000

Tr (K)

Figure 14. Simulated responsivity through R parameter of the direct detection radiometer in Dicke
operation mode when the input power (temperature Tr) is swept.

Table 3. Simulated Responsivities in Total Power and Dicke operation modes for both, super-heterodyne and direct detection

radiometers.
Responsivity Responsivity Responsivity AT NEP AT
Topology Total Power Total Power Dicke Total Power Wisqrt(Hz) Dicke
(mV/mW) (LV/K) (LV/K) (mK) PrYEa (mK)
Super-heterodyne: 6
RE + mixIF + det 6 x 10 1.5 4.6 27.72 0.0018 55.44
Direct Det. 4 x 107 118 6.4 1839 0.0015 36.78

RF + detW
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4. Characterization of Radiometers

The results of the experimental characterization of the whole systems, front-end RF
section combined with the IF section or with the W-band detection, are presented in this
section, as well as the measurement process.

4.1. Super-Heterodyne Radiometer

The super-heterodyne configuration has been characterized in gain and noise from the
input of the first band amplifier W to the output of the IF amplifier. A fixed LO frequency of
27.1 GHz with 8 dBm has been used. The noise figure analyzer (NFA8975A) has been used,
performing the calibration with a low frequency noise source HP346B and the measurement
with the W-band noise source (QNSFB12LW) and a variable attenuator in W-band (Hitachi
W1513, usingWR10 interface) at its output. The variable attenuator has been fixed to 9 dB
in order to avoid saturation of the second amplifier when the source is in an “on” state. The
gain and noise figure result in the Upper Side Band (USB) of the entire receiver, including
the 9 dB attenuation, before detecting IF are shown in Figure 15. The gain in the operating
band, including the conversion, is around 48 dB and averaged noise figure is about 3.92 dB,
which corresponds to an equivalent noise temperature Tsys about 425 K, slightly higher
than the simulated for the RF front-end chain, but lower than predicted by simulations of
the whole system, which also included additional losses and final detection.

60 — T T T " T~ T T *~ T "~ T "~ T 7 24
i i
0|l —O—NF 140
45 |- 118
40 | 116
g T 1“a
Z 30t 1128
£ I 1w
o 25 410 Z2
20 |- -8
15 -6
o W— 4
5F =42
0 I I 1 I 1 I I I 1 O
80 82 84 86 88 90 92 94 96 98 100

Freq (GHz)

Figure 15. Gain and noise figure of the W-band receiver composed of the two W-band amplifiers
with the isolator, the BPFE, 9 dB attenuation, the mixer and the IF amplifier.

With this measure of gain and noise, the effective bandwidth of the radiometer has
been calculated by applying (3), and a value of 10.7 GHz, lower than expected from
simulations, has been obtained.

Supposing an ideal radiometer without gain fluctuations, the sensitivity of the ra-
diometer could be calculated by applying (1) or (2), depending on the type of radiometer.
For a bandwidth of 10.7 GHz, a system temperature of 425 K and taking an integration
time T of 30 ms the ideal sensitivities (Equations (1) and (2)) would be 24 mK and 48 mK,
for a total power radiometer and a Dicke radiometer, respectively. Both measurements, one
as total power radiometer and another as Dicke radiometer, have been made. Sensitivities
estimated are higher than the ideal ones due to additional losses, gain fluctuations and
1/f noise.

For these measurements, a W-band feed-horn antenna model QSH27F20 was con-
nected to the receiver, with a gain of about 20 dBi. As a transmitter, the broadband noise
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source in W-band (QNSFB12LW), the wideband attenuator W1513 and another QSH27F20
antenna were used. For the Dicke operation mode, in-between both horn antennas, an
optical chopper is placed as modulating component, switching ON and OFF the received
signal, commanded by a low-frequency oscillator, also used to synchronize the detection.
In total power operation, the optical chopper is absent and there is not any modulation nor
synchronized detection.

In Figure 16 a photo of the complete system for Dicke mode evaluation is shown. The
distance between the antennas is 2.74 cm, which corresponds to near field conditions as
the diagonal of the horn is in the range of 17 mm, so far field distance is about 17.5 cm at
94 GHz). Losses of the link between both horns at a distance of 2.74 cm are estimated at
0.53 dB at 94 GHz. The chopper can be seen placed in-between both horns.

Figure 16. Photograph of the laboratory setup with the measurement system of the W-band super-
heterodyne radiometer in Dicke mode.

The effect of the chopper blade in between both horns has been simulated with Ansys®
HFSS (High Frequency Structural Simulator) (Figure 17), finding a minimum variation
of the radiation pattern when the blade is in the opening position, compared to the horn
standalone, as can be seen in Figure 18.

0 45 90 (mm)

Figure 17. Drawing for the simulation of the effect of the chopper blade in front of the horn antenna.
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-180

() (b)

Figure 18. Simulated radiation patterns at 90 GHz of the stand-alone horn antenna (a) and the horn with the opening of
the blade in front (b). Averaged 3 dB beam width is around 15° (verified with measurements) in (a) and around 14° in (b).
Antenna gain is quite similar (21 dBi and 22 dBij, respectively).

On the other hand, when the blade screens the horn, the power is mainly reflected by
the horn antenna plus blade set. Those findings agree with the fact that when we placed
the blade fixed in the open window position in between both horns, the variation of the
losses could be neglected.

4.1.1. Total Power Radiometer

To perform the total power measurements, the quadratic-law diode detector HP8474E
and the SR560 low noise video amplifier, configured with unity gain and a low pass
filter with a cutoff frequency of 0.1 Hz, were connected to the output of the IF amplifier.
Detected voltage has been measured with a digital multimeter model 34401A (Keysight
Technologies).

With the noise source in ON state, the transmitted noise power is modified by the
attenuation provided by the variable attenuator. The noise source has an ENR around
15 dB, and the attenuation is varied from 9 dB to 3.5 dB. The detected voltage corresponds
to a value proportional to the transmitted radiometric noise temperature (Tr) plus the
receiver noise temperature (Tsys).

Vo = GGk (TR + Tsys)BHF (9)

where C; is the response constant in mV/mW, G is the gain of the receiver, k the Boltzmann
constant and Byr the effective noise bandwidth of the receiver. Without any attenuation,
the maximum value of Tg would be the hot temperature (Ty,;) of the noise source.

Figure 19 shows the voltage detected as a function of the equivalent temperature of
noise transmitted with different positions of the attenuator.
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Figure 19. Voltage detected V,, (mV) versus temperature Tt (K) by the attenuated broadband noise
source, for the measurement of the total power super-heterodyne radiometer.

From the measurement, we obtain the linear equation of voltage detected versus
temperature (described in Figure 19 and Equation (9)), resulting in a response of 3.1 uV/K,
with an offset of 11.98 mV. This offset corresponds to the detected voltage proportional
to the receiver noise temperature plus the temperature Tg when it is equal to an ambient
temperature of 290 K.

4.1.2. Dicke Radiometer

As it was previously mentioned, measurements as a Dicke radiometer have been
performed with an optical chopper model SR540 from Stanford Research Systems and
a Lock-in Amplifier SR830, also from Stanford Research Systems. The scheme of the
measurement system is shown in Figure 20.

Noise Variable Transmitter Receiver W-Band Pre-amplifier
Source Attenuator Antenna Antenna Radiometer  Detector SR560 SR830
@_ —_H S /M >— Receiver Lock-In Amp
w = < N | ~ Ll l/ |

Chopper

control

SR540

Figure 20. Diagram of the setup for measurement of Dicke radiometer in W band.

The optical chopper allows to modulate the incoming W-band noise power into the
receiver, with a square signal that is introduced in the lock-in amplifier as a reference
signal, and which frequency can be fixed between 4 Hz and 3.7 kHz. The frequency of the
modulating signal has been set to 120 Hz for these measurements.

The signal at the detector output is applied to the low noise preamplifier SR560 in DC
coupling configuration with unity gain and its output is connected to the lock-in amplifier.

The signal detected in this configuration is a square signal, whose low level is propor-
tional to a black body at room temperature (T4) plus the noise temperature added by
the receiver (Tsys), measured when the optical chopper covers the transmitting antenna.
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Moreover, its high level is proportional to the noise temperature of the receiver plus the
equivalent noise temperature of the transmitted noise power (Tjq;).

Ve = GGk (Tcold + Tsys)BHF (10

Vi = Cle<Thot + Tsys)BHF (1)

The lock-in amplifier performs a multiplication of the detected signal with the ref-
erence signal of the optical chopper plus a filtering that allows reducing the noise. In
this filtering, a time constant in the range of 100 ms has been set, and the R parameter
is measured. R parameter consists of an effective voltage proportional to the difference
between the high and low levels of the signal detected according to (12).

R = CoG(Vy — Ve) (12)

Figure 21 shows the parameter R in effective voltage as a function of the equivalent
temperature of the noise power transmitted with different positions of the attenuator.

The linear equation relating effective voltage versus temperature is obtained, provid-
ing a measured response of 1.2 uVrms/K, with an offset of —62.5 uVrms.

4.2. Direct Detection Radiometer

The previously described measurement setups have been applied to the system shown
in Figure 20. The RF chain is nominally the same, but without IF section, ended with the
WR10 detector. The variable attenuator Hitachi W1513 has been also used to prevent the
saturation of the amplifiers and the detector and to allow sweeping of input power (and,
indirectly, Temperature Tr). Measurement setup was simplified as conversion is direct to
DC without IF stage.

4.2.1. Total Power Radiometer

The setup for total power measurements of direct detection radiometer is shown in
Figure 22.

5 T T T T T T
4L y=0.0012x - 0.0625 §
/\3 B T
>
E
(n'd
2+ 4
1} -
0 n 1 L 1 L 1 1 | L 1 L 1 L
0 500 1000 1500 2000 2500 3000 3500

T, (Kelvin)

Figure 21. Parameter R in effective voltage (mVrms) versus the equivalent temperature of transmitted
noise (Tt (K)) by the source of attenuated broadband noise, for the measurement of the Dicke super-
heterodyne radiometer.
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— |

Figure 22. Photography of the setup for total power measurements of direct detection radiometer.

Sweeping the variable attenuator with the W-band noise source in ON mode, the
detected values showed in Figure 23 were obtained. Responsivity 6 x 107 mV/mW is
in the same order of magnitude, but slightly higher than expected from the simulations
(4 x 107 mV/mW) and an offset of 33.55 mV was found.

160 T T T

140 |
y = BEQ7x + 33.55

120 f- R2 = 0.9958
100

80 -

Vot (MV)

60 |
40|

20 - -

0 1 1 " 1 L 1 "
0 5x107 1x10°® 1.5x10°® 2x10°®

P,, (mW)

Figure 23. Voltage detected Vout (mV) versus input power in mW when variable attenuator values
were swept.

Assuming an estimated Byr of 20 GHz, input power was translated to temperature
(Tt) and Figure 23 was redrawn versus temperature (Figure 24) to obtain a responsivity of
15.7 uV /K (expected from simulations 11.8 uV/K).
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Figure 24. Voltage detected Vout (mV) versus the equivalent temperature of transmitted noise
(Tt (K)) by the attenuated broadband noise source, for the measurement of the total power direct
detection radiometer.

4.2.2. Dicke Radiometer

Setup described in Figure 20 (with the exception of the chopper which in this case was
the model Thorlabs MC2000B), has been used with the receptor composed of the direct
detection radiometer (Figure 25), obtaining the output waveforms shown in Figure 26. The
R parameter (Equation (12)) (Figure 27) was obtained using a lock-in amplifier with a time
constant in the range of 100 ms. Notice that the waveform presents a more sinusoidal shape
than the ideal simulated in Figure 13 due to the dynamic of coupling between horns with
the rotating holes of the chopper in between and the oscilloscope input impedance. The
measured slope of R plot versus Temperature 6V /K is quite similar to the expected from
simulations 6.4 uV /K (Figure 14).

Figure 25. Photograph of the laboratory setup with the measurement system of the W-band direct
detection radiometer in Dicke mode. Notice the rotating chopper in between the W-band horns.
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15 Jun 2115

Figure 26. Output waveforms of the direct detection radiometer operating in Dicke mode at a
modulating frequency of 120 Hz. Square reference waveform from the chopper is superimposed.
Capture corresponds to maximum power (minimum attenuation) from the noise source.
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Figure 27. Parameter R in effective voltage (mVrms) versus the equivalent temperature of transmitted
noise (Tt (K)) by the source of attenuated broadband noise, for the measurement of the Dicke direct
detection radiometer.

Table 4 summarizes the measured result of the four possible combinations. In general,
the trends in the comparison between direct detection and super-heterodyne observed
in the simulations (Tables 1 and 2) are maintained in the measurements. Comparing
simulations and measurements, we can find the same order of magnitudes in R factor
and even better performance measured than expected in total power responsivity. NEP
is estimated from the minimum power and the effective bandwidth (Equation (7)). It is
also possible to evaluate NEP from output low frequency spectrum [23], but we consider
this method is prone to suffer higher uncertainty due to 1/f noise and the determination of
the low frequency bandwidths. In the case of sensitivities and NEP values estimated from
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measurements in a range ~5 fW/sqrt(Hz) indicate the optimistic values obtained from
simulations. In any case, values are in the order of other published data.

Table 4. Summary of results from the measurements.

Total Power Total Power Sensitivity AT
Type of .. .. Offset R NEP
X g Bur (GHz) Responsivity Responsivity (mK)
Configuration\Parameter (mV/mW) (uV/K) (mV) (uVrms/K) (7 = 30 ms) (pW/sqrt(Hz))

Super-heterodyne total power 10.7 1.18 x 107 3.1 11.98 - 152 0.0055

Super-heterodyne Dicke 10.7 - - 12 305 :
Direct detection total power 19.9 6 x 107 15.7 33.55 - 58.49 0.0039

Direct detection Dicke 19.9 - - 6 116.98 ’

Some reported W-band and D-band radiometers [23,25-30] are listed in Table 5, which
can be compared to the total power operation of the radiometers proposed in this work.
When comparing sensitivity it must be taken into account that requirements for radio
astronomy and imaging applications may be different, particularly about noise figures, and
our proposal of radiometers comes from the first field. Advances in low-cost integration
technologies like SiGe, BICMOS and CMOS ([31-34]) may provide similar performance
to modular designs based on GaAs or InP low noise technologies with reduced size and
consumption (i.e., replacing chopper by on wafer switching or dual path LNAs). This
could be suitable for imaging applications, but maybe it is not always convenient for radio
astronomy applications. The integration of subsystems may include even the antenna,
facilitating the implementation of radar-based active imaging systems with beamforming
capabilities [35]. Even alternative detection procedures have been proposed using optical
technology to provide images from W-band radiation [36]. Another aspect is the distinction
between radiometer system performance and stand-alone detector performance. Examples
of detector performance can be found in [37].

Table 5. Summary of some reported results of W and D band radiometers.

[23] 20 (83-103) 690
[23] 15 (84-99) 2.5 x 106-5 x 10° 830 0.021
[25] 4 (89.5-93.5) 500 115
[26] 22 (W band) 1000 76
[27] 4 (W band) 550 115
[28] 12 (W band) 16.10° 1000 0.009 8.9
[29] 10 (160-170) 28 % 10° 350 (T = 3.125 ms) 0.014/0.018 8.14
[30] 11.8 (136) 5.2 x106 250 (t = 3.125 ms) 0.0014 7.9
[32] 11.5 (centered 82.5) - 650 0.0093 6.4
[33] centered 91 — 210 — 8.4
[34] 10.7 (center 56) 61 x 10° 0.0032 5.3
This work 10.7 (W band) 1.18 x 107 152 0.0055 4
Super-heterodyne
This work Direct 19.9 (W band) 6 x 107 58.49 0.0039 35
Detec

5. Conclusions

Two W-band radiometers have been presented: a super-heterodyne configuration
consisting of a pair of low noise amplifiers, a filter in W-band, a sub-harmonic mixer with
intermediate frequency amplification, and, finally, detection through a quadratic-law diode
detector, and a direct detection configuration replacing the IF section by W-band detection.
Radiometers have been simulated (in the frequency domain for a total power mode and
with transient enveloped for the Dicke mode) using the experimental characterization
of the different individual subsystems, and then assembled and measured as complete
systems. The radiometers operate mainly in the band from 80-to-101 GHz (defined by the
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RF BPF). Operation of both radiometers, super-heterodyne and direct detection, has been
measured in two modes, as total power radiometers, and as a Dicke radiometers using
an optical chopper to modulate the detected signal. In the super-heterodyne version, an
8 dBm LO signal of frequency 27.1 GHz is used, with an intermediate frequency from 0.1
to ~15 GHz. It has performed a total gain, including conversion losses and IF amplification,
around 50 dB, a noise figure around 4 dB, and an Effective Noise Bandwidth of 10 GHz.
In the direct detection version, the RF front-end is the same, therefore the noise figure is
similar, but responsivity was found to be slightly higher to the super-heterodyne version
and the measured offset voltage was higher, as well as the noise effective bandwidth.
There are no big differences in gain, as there are no conversion losses, neither IF section
amplifier (in the super-heterodyne, IF gain compensates, more or less, conversion losses)
but W-band detector has higher sensitivity in a bandwidth beyond the fixed band of the
BPF (80-to-101 GHz). Down conversion in the super-heterodyne version may contribute to
a narrowing of the band. Effective Noise Bandwidth is wider in direct detection (~20 GHz)
than in the super-heterodyne version, which increases the sensitivity, as is then verified by
the fitted responsivity values. This conclusion is in agreement with the criteria explained
by other authors [23,24]. Simulations predicted reasonably well the measured performance
and the trends in the comparisons endorsing the simulation methodology. Nevertheless,
this conclusion comes from a set of components that we could consider as typical taking
into account that any down-conversion process will have a fixed If bandwidth, but we
cannot exclude other conclusions for different components, particularly for different mixers
and detectors. The comparison is mainly in terms of total power detection performance,
but for other system specifications a super-heterodyne receiver may be required (those
including spectrometers and filter banks, for example).

Considering other alternatives for radiometers, compared to modular GaAs or InP
based, low cost integration technologies, such as BiCMOS or CMOS, may facilitate com-
pact implementations of imaging systems with similar performances, but for specific
applications interest remains, i.e., radio astronomy and cryogenic operation.
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