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Abstract

We are presenting here our recent results of noise temperature and impedance measurements
for NbN Hot Electron Bolometer (HEB) mixers.

The noise temperature measurements were performed over a 1-8 GHz IF band using an
LO frequency of about 1.6 THz using quasi-optical coupling and a single low noise HEMT
AMIIC amplifier.

On the other hand. the impedance measurements were completed with a network ana-
lvzer in the presence of LO power and DC bias, over a 2-10 GHz frequency range.

The experimental results of both sets of measurements are used to predict noise and
gain bandwidth of our devices and for comparison with those obtained from the standard
model.

Introduction

Hot Electron Bolometer (HEB) technology has become mature enough over the past years
to allow the development and implementation of observing platforms in the terahertz region
such as HIFT [3]. TREND [10|. GREAT [4] and TELIS [7].

In such receivers. there are two parameters that are particularly important, since they
may ultimately determine the threshold for the minimum signal level that can be reliably
detected. namely the IF gain bandwidth. defined as the IF frequency at which the conversion
efficiency of the mixer drops by 3 dB from its low IF value: and the noise bandwidth, defined
as the frequency at which the mixer noise doubles compared to its zero frequency value [9].

For NbN or Nb based HEB mixers. the noise and gain bandwidth depend upon film
properties such as thickness. critical temperature (7) and acoustic coupling between film
and substrate 6. In principle. these mixers can reach an IF gain bandwidth of a few
gigahertz. whereas their noise bandwidth can be even larger [1].

Here we present experimental results obtained from characterization of two of the main
properties of HEB devices that are relevant to their intermediate frequency response, namely
the IF small signal impedance. which can be useful to estimate gain bandwidth without
requiring a THz tunable source. and the receiver noise temperature as a function of inter-
mediate frequency.
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The measurements were performed over a wider frequency range than it has ever been
done (1-8 GHz and 2-10 GHz, respectively). with the purpose of evaluating the effectiveness
of HEB mixers as low-noise broadband receivers.

Experimental Setup

Two different setups were used to carry out the two sets of measurements.

A pair of mixers were selected from two different batches. The sample used for noise
bandwidth quantification was fabricated on silicon substrate with an active NbN area 5 nm
thick, 1 um long and 4 um wide. A twin-slot antenna was used with this device.

For impedance measurements. though. the device was fabricated on magnesium oxide
substrate and the dimensions for the superconducting area were 4 nm thick. 2 ym long and
20 pum wide. No antenna was used in this case.

In both cases, the THz radiation was coupled to the device using a quasi-optical ap-
proach, in which a elliptical silicon lens couples both the RF and LO beams into the HEB.

The LO source was a COs-pumped laser running in continious wave (CW) mode in the
THz regime.

A. Noise Bandwidth

Figure 1 shows the apparatus used for noise temperature characterization. The wavelenght
for the local oscillator was 184 pm, which corresponds to 1.63 THz.
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Figure 1: Laboratory setup for measuring HEB noise temperature

A hot/cold blackbody source is inserted into the beam path. and the change in IF power
(Y-factor) is registered at the power meter. The noise temperature of the receiver is then
computed directly from the Y-factor.

The interior of the liquid helium cryostat used to cool down the specimens is also shown
in Figure 1. The bolometer chip was mounted in a mixer block, to provide it with a bias
circuit along with a connection to the IF chain achieving a reasonably good match over the
desired bandwidth and eliminating the need for an external bias tee.
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The wide-band HEMT InP MMIC low noise cryogenic amplifier was designed by Prof.
Sander Weinreb at JPL/Caltech. This amplifier has two stages, a gain of 20 dB and a
equivalent noise temperature below 10 K throughout its band (1-10 GHz).

In order to minimize standing wave problems and improve stability, a cryogenic isolator
was placed at the input of the LNA. Since none of the currently available cryogenic isolators
can cover more than an octave. the band of interest was divided into three smaller bands;
1-2 GHz. 2-4 GHz and 4-8 GHz.

B. Impedance and Gain Bandwidth
Figure 2 illustrates the setup used for this part of the experiment.
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Figure 2: Setup used for IF impedance measurements

A transmission technique similar to that described in [5] was used to determine the
impedance of HEB mixers by measuring the scattering parameter S; as a function of
frequency.

One may note that all measurements of HEB impedance such as in [5], thus far have
been performed without LO power. It is obviously much more important to measure the
impedance under more realistic operating conditions and near the optimum point for mixing,
as done here .

The impedance characterization took place in the presence of laser illumination at a
wavelength of 194 um (1.55 THz), while DC bias was applied to the sample through the
bias tees included in the 8510C Automatic Network Analyzer (ANA). A thru-reflect-line
(TRL) calibration technique at 4 K was performed in order to establish the reference planes
prior to completing the actual measurements [8].

The device was carefully put in place between the two microstrip launchers using a flip-
chip technique (Figure 3A). A silicon lens was used for coupling the THz LO power to the
device in a more efficient way (Figure 3B).

In order to prevent saturating the mixer with microwave power from the ANA, both the
calibration and the measurement were taken to completion with a microwave power level of
-48 dBm. which was found to be convenient for this study, since it was well below the LO
power required to suppress the superconducting state in the HEB.

'One early impedance measurement was performed with LO power applied, but in that case the LO
frequency was only 20 GHz [2].
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Figure 3: Device fixture used to measure IF small signal impedance

Results and Discussion

A. Noise Bandwidth

The critical current for this device was 420 yA. The optimum operating point (best Y-factor)
was found for Vj = 1 mV and Iy = 42 pA (Ry = 23.8 Q).

The double-sideband receiver noise temperature. Tp psg. was computed from the ex-
perimental Y factor and plotted as a function of frequency (Figure 4).
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Figure 4: Measured noise temperature vs IF frequency

The dashed line represents the best fit to the experimental data set and the solid line
corresponds to the predicted value based on the standard model. which was computed using
fitting parameters such as the total conversion loss of the mixer, Lcyo. the self-heating
parameter C' = CyIZ, the measured thermal fluctuation noise at the lowest IF frequency.
Tsim, and the electron thermal relaxation time, 74.

The agreement among the calculated receiver noise temperature and its experimental
counterpart is reasonable for frequencies below 6 GHz, after which the actual noise tem-
perature grows more rapidly compared to the theoretical calculation. The discrepancies
between predicted and measured values of Tr psp above 6 GHz are attributed to changes
in the frequency response of the mixer block at low temperatures. extra parasitics not con-
sidered in the model of its impedance, as well as mismatch between components in the IF
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chain.

We can estimate the noise bandwidth from the data plotted in Figure 4, resulting in
5.32 GHz using the standard model formulae and close to 5.25 GHz using the experimental
data.

By taking the ratio of the receiver output noise power with the mixer at the optimum
operating point (DC and LO power applied), Ppp, to the output noise power in the super-
conducting state (no DC or LO power applied), Py, it was possible to use this value (often
called the U-factor. U = P,,/Ps.) to predict the total conversion gain of the mixer, G¢, as
well as its output noise. Tpyt, expressly [8]

G — U (Thath + Trr)
C =
2T 01d + 2TR,DSB

(1)

Tout = %MTR,DSB ~Trr (2)
cold + TR.DSB
where T ,g= 77 K is the temperature of a broadband blackbody noise source present at
the input of the mixer when the U-factor measurement is performed, Ty is the equivalent
noise temperature of the IF chain. Tpun= 4.2 K is the temperature of a 50-ohm load
at the matched port of the circulator and T psp is the measured double-sideband noise
temperature of the receiver.
The U-factor was recorded for the same set of frequencies as shown in Figure 4, then
(1) and (2) were used to compute G¢ and T,y;, respectively (Figure 5). The solid line in
these plots corresponds to the predicted value, estimated also from the standard model.
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Figure 5: Measured conversion gain and mixer output noise vs IF frequency

There exists qualitative agreement between the best fit to the measured conversion loss
and output noise shown in Figure 5: the discrepancy between these quantities is less than
3 dB and less than 20 K throughout the band. respectively. The actual gain bandwidth is
close to 2.4 GHz.

One may note that the noise bandwidth is about 2.2 times the gain bandwidth.
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B. Impedance and Gain Bandwidth

It can be shown that the gain bandwidth of an HEB can be estimated as 5

1 R - Rg
Bo=—(1-Cc=t—20 3
¢ %m< m-m) i

The dependence of the conversion gain of the mixer on IF frequency. self-heating pa-
rameter C, as well as the electron relaxation time 74. also holds for the IF small signal
impedance, i.e.

1~ ju—t
1+C TIT e
1-C

ZM=%< - (4

1-C

1—jq.'

Therefore, by measuring the impedance of the mixer. it is possible to fit the experimental
data to (4), obtain a suitable value for C and 7y. and then predict the gain bandwidth using
(3).

Figure 6 shows the real and imaginary part of the impedance of the sample biased at
1.5 mV and 56 pA (Rp = 26 ohm), after subtracting the effect of the microstrip feed lines
and parasitic reactances associated to the contact bumps.

The two different predictions in Figure 6 correspond to different values of C. one obtained
by fitting the measured data to (4) and one obtained from the differential slope of the IV
dV/dI — Ry
dV/dI + Ry
model [2]. The time-constant 7 is 47.98 ps in both cases and was obtained only using the
least-square fit of the experimental impedance to (4).

curve (dV/dI) at that particular point, C = as predicted from the standard
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Figure 6: Measured and modelled impedance with device biased at (1.5 mV. 56 uA)

The impedance of this specimen was measured for some other quiescent points as well.
The results for different settings are summarized in Table 1. The gain bandwidth was
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Table 1: Predicted gain bandwidth for different operating conditions

Vo Iy dV/dl Gain BW

mV] [wA]  [9] [GHz]
0.6 14 447 3.6
0.6 30 276 3.4
1.0 23  66.2 3.3
1.0 42 381 3.5
15 56 475 3.3

estimated using (3) and the appropriate value for C and 7y obtained from the impedance
measurements.

Though there is previous empirical evidence that suggests that there is a bias dependance
of the IF bandwidth with bias voltage [6]. our observations indicate only small changes in
the bandwidth as 1 changes. This is because we biased the device close to the optimum
point for minimum noise temperature.

The predicted bandwidths exceed that for the device used in the noise bandwidth mea-
surements. It is expected that a device on an MgO substrate should yield larger bandwidth,
as observed.

Large values of 15 would vield higher bandwidths at the expense of poor sensitivity.

Conclusions

A svstematic study of the bandwidth properties of hot electron bolometric mixers has been
reported in this paper.

The noise temperature of an HEB mixer was measured using a single MMIC low-noise
amplifier based on InP HEMT transistors. This measurement allowed us to estimate the
noise bandwidth. gain bandwidth and mixer output noise with moderate accuracy. The
results are somewhat consistent with those obtained from the standard model.

The impedance of a sample mixer was characterized by means of an Automatic Network
Analyvzer using a TRL calibration at crvogenic temperatures. By using the impedance data,
it was possible to predict the bandwidth of the device under test without having a tunable
THz source. The predicted bandwidth agrees with previously reported results for similar
devices.

Further experiments will improve the accuracy of the measurements and the data will
be useful for improvement of the current models of superconducting HEBs.
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