
 

  
Abstract — We have conducted an investigation of the 

performance of superconducting hot-electron bolometric (HEB) 
mixer at 800 GHz as a function of the embedding impedance of 
the waveguide embedding circuit. Using a single half-height 
mixer block, we have developed three different mixer chip 
configurations, offering nominal embedding resistances of 70, 35, 
and 15 Ohms. Both the High Frequency Structure Simulator 
(HFSS) software and scaled model impedance measurements 
were employed in the design process. Two batches of HEB mixers 
were fabricated to these designs using 3-4 nm thick NbN thin 
film. The mixers were characterized through receiver noise 
temperature measurements and Fourier Transform 
Spectrometer (FTS) scans. Briefly, a minimum receiver noise 
temperature of 440 K was measured at a local oscillator 
frequency 850 GHz for a mixer of normal state resistance 62 
Ohms incorporated into a circuit offering a nominal embedding 
impedance of 70 Ohms. We conclude from our data that, for low 
noise operation, the normal state resistance of the HEB mixer 
element should be close to that of the embedding impedance of 
the mixer mount. 
 

Index Terms— Hot-electron bolometer mixer, Embedding 
impedance, Fixed-tuned waveguide receiver, 
 

I. INTRODUCTION 
OT Electron Bolometer (HEB) based receivers currently 
offer the highest sensitivity above 1.2 THz. These 
receivers have been selected for a number of 

astronomical instruments in the Terahertz frequency range [1-
5]. The lowest receiver noise temperatures reported for 
laboratory prototypes are of the order of ( )khν10  [6, 7].  

In the design of HEB mixers, it has been generally assumed 
that the impedance of the HEB element is real. This 
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impedance is considered to be close to the DC bias resistance 
at frequencies between the 3 dB gain roll-off and the energy 
gap of the superconducting film [8, 9]. At higher frequencies 
the film appears as a normal conductor and therefore, it may 
be logical to assume that the impedance at Terahertz 
frequencies is just the normal state resistance of the HEB 
element [10]. According to the BCS theory the relation 
between the energy gap at absolute zero and the critical 
temperature of a superconductor is: 2∆0=3.52kBTc. With 
Tc=10 K, the frequency corresponding to the superconducting 
energy gap is 0.74 THz. Since the HEB mixer operates in the 
resistive state, heated by DC bias current and incident Local 
Oscillator (LO) power, the effects of superconductivity are 
suppressed. It follows that the gap frequency is shifted down 
to lower frequencies. However, there exist only limited 
experimental data to support these assumptions.  

We present an investigation of the optimal RF impedance 
of the waveguide HEB mixers designed for a center frequency 
of 0.8 THz. The devices were fabricated from 3.5 nm thick 
Niobium Nitride (NbN) film. We compare the performances 
of three different mixer chip designs, which present different 
source impedance to the HEB mixers.  

II. CHIP DESIGN FOR THE WAVEGUIDE HEB MIXER 
A scaled model was used to evaluate designs for our 0.8 

THz waveguide mixer. The scaled model dimensions were 
160 times larger than those of the actual mixer block such that 
model measurements were made at around 5 GHz. The mixer 
block design was adopted from mixer assembly of fixed tuned 
SIS mixer developed for the SubMillimeter Array telescopes 
[11, 12].  

Three mixer chip configurations were designed by the High 
Frequency Structure Simulator (HFSS) software and 
confirmed by the scaled model measurements. The nominal 
impedances of these 3 designs are: 70 Ω (Design A), 35 Ω 
(Design B), and 15 Ω (Design C). The impedance value of 
design A is chosen to be close to the HEB mixer normal state 
resistance (RN). For design C the embedding impedance is 
closest to the DC resistance at the optimal bias point (RDC). 
With these three designs, the embedding impedances cover 
most of the range of interest for the HEB mixer.  

At the target frequency of 800 GHz (5 GHz on the scaled 
model), the calculated complex impedances for the 3 designs 
are: 69 - j8 Ω, 37 + j2 Ω, 14 – j7 Ω respectively. All three 
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designs employ the same mixer chip dimensions and the 
mechanical design of the mixer block is also the same. The 
only difference lies in the detailed geometry of the electrodes 
of the HEB element which forms the coupling structure to the 
wave propagating down the waveguide. Consequently, the 
mixer chips are interchangeable and all three types of chip can 
be fabricated and processed, lapped and diced, at the same 
time on a single wafer.  

The embedding impedance at the mixer feed point is 
derived from the scaled model vector measurement using the 
3-standard de-embedding method [13]. For each design we 
first measure the reflection coefficient at the input port of the 
scaled model mixer mount with the mixer feed point 
terminated using the 3 known standards: an open, a short, and 
a 50 Ω chip resistor. The embedding impedance is related to 
these reflection coefficients through the relation: 

)/()( srroremb ZZ Γ−ΓΓ−Γ= , 
where Zemb is the embedding impedance seen at the HEB 
mixer feed point, Zr = 50 Ω, and Γ is the measured reflection 
coefficient at the mixer input port for the three terminations: 
open (o), short (s) and 50 Ω  resistive (r) load. We obtained 
reasonable agreement between the impedances obtained by 
scaled model measurements and the impedances obtained by 
HFSS simulations. 

III. HEB MIXERS 
A photo mask incorporating all three designs was prepared, 

and e-beam lithography was used to fabricate two batches of 
mixer elements with dimensions 3×0.15 µm2 and 3×0.18 µm2 
on 3-4 nm thick NbN film [14]. The critical temperature of 
superconducting transition, TC, was about 10 K for the 
measured samples. All of the tested mixers have normal state 
resistances (RN) of around 60 Ω, extracted from the over-
pumped current-voltage characteristics at 4.2 K.  

Devices from batches I and II demonstrate considerable 
differences in their optimal bias conditions. For example, the 
DC resistance at the optimal bias point, defined as 
( )biasbiasDC IVR = , is generally around 24 Ω for mixers from 
batch I but it is about 15 Ω for batch II devices. Also, the 
differential resistance at the optimal bias point for batch I 
mixers ranges from 100 to 125 Ω, but for batch II devices this 
generally lies between 60 and 90 Ω. We believe that this 
behavior reflects variations in film quality between batches 
and a variation in contact resistance across the superconductor 
- normal metal interface. 

Table I summarizes the characteristics of the HEB devices 
used in our experiments. The receiver input bandwidth (BW) 
was estimated from Fourier Transform Spectrometer (FTS) 
scans, which was made by using the mixer as a direct detector. 
For the receiver noise measurements (TRX) we used an IF of 
1.5 GHz, and included an isolator between the mixer and low-
noise amplifier to present an in-band impedance of about 50 Ω 
to the mixer. Y-factor measurements were performed in the 
frequency range from 770 GHz to 860 GHz with frequency 
step about 10 GHz using the same experimental set-up. The 

minimum noise temperature measured for each device (Min 
TRX) is given in the last column of Table 1. These values are 
close to 10hν/k, for mixer designs A and B, and are consistent 
with the highest reported sensitivities for this type of mixer [6, 
7].  

TABLE I 
HEB MIXER CHARACTERISTICS 

Devicea Zemb 
(Ω) 

RDC @ opt 
bias (Ω) RN (Ω) Input BW 

(GHz) 
Min. TRX 

(K) 
AI#8 70 15 62 350 440 

AI#17 70 14 72 350 480 
AII#2 70 26 58 350 530 
BI#13 35 13 50 330 470 
BII#1 35 26 60 330 560 
CII#13 15 21 51 220 603 
CI#14 15 13 62 200 780 
aThe first letter of the device type indicates the chip design (A, B, or C), 

the roman numeral I or II indicates the batch number. 
 
In figures 3, 4 and 5 we display the frequency response 

obtained from FTS scans for a variety of devices and the 
results of the Y-factor measurements (for 295K and 77K input 
loads to the receiver) are overlaid on the frequency response. 
From the FTS spectra, we note a low frequency cut-off, at 
around 600 GHz, which is due to the waveguide dimensions. 
Since the exact width and thickness of the individual mixer 
chip dictates the onset of higher order modes, the high 
frequency response of the mixers (above ~ 900 GHz) does not 
show a definite pattern.  

In Fig. 3, we compare the response of two mixer chips of 
design A. We note a significant difference in performance 
between mixers AI#8 and AII#2, even though they possess 
almost identical RN and critical current of 0.238 mA.  

0

0.2

0.4

0.6

0.8

1

1

1.1

1.2

1.3

1.4

1.5

500 600 700 800 900 1000 1100 1200
Frequency (GHz)  

Fig. 3. Direct detector response and Y-factor values (symbols and right axis) 
of design A HEB mixers. The solid line and diamond symbols are for mixer 
AI#8, dashed line and triangles for mixer AII#2. 

 
This suggests that some other additional, batch-dependent 
parameters play an important role in determining overall 
mixer performance. In other words, it is only possible to make 
a fair comparison of the performance of the different mixer 
designs from within a given batch. 
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In Fig. 4 we compare the FTS response of the three mixer 
types from the batch I. Referring to Table I, these mixers all 
have similar values of RN. Mixer AI#8 has the best sensitivity 
among all of the measured devices. For example, at a local 
oscillator frequency of 850 GHz we measured a Y-factor of 
1.42. This corresponds to a DSB receiver noise temperature of 
440 K, or about 11 hν/k. The input bandwidth for this mixer of  
~ 350 GHz is also quite wide.  

Mixer BI#13 has similar sensitivity and RF bandwidth to 
AI#8. This can be explained by the fact that the normal state 
resistance of each mixer is close to the embedding impedance. 
For device AI#8, the match between RN and the nominal 
embedding impedance of 70 Ω is better than 20 dB, and for 
BI#13, with a normal resistance of 50 Ω and a nominal 
embedding impedance of 35 Ω, we have a match of about 15 
dB. Mixer CI#14 is significantly less sensitive and it has a 
narrower bandwidth than type A or B devices. For this mixer, 
the match between RN and the nominal embedding impedance 
of 15 Ω is only about 5 dB. Interestingly, the 13 Ω DC 
resistance of this mixer at the optimal bias point is quite close 
to the nominal embedding impedance of 15 Ω for the type C 
mixer. 

Clearly for devices with RN ~ 60 Ω, designs A and B are 
better. This suggests that the optimal embedding impedance 
for low-noise performance should be close to the normal state 
resistance of the HEB element, not its DC resistance. 
However, the available data also suggest that the performance 
is not a very sharp function of the impedance match. Most 
likely, a match of better than 10-12 dB is quite sufficient. 
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Fig. 4. Direct detector response and Y-factor (symbols and right axle) of the 
three types HEB mixer from batch I. The solid line and squares are for mixer 
AI#8, dashed line and diamonds for mixer BI#13, and dotted line and triangles 
for mixer CI#14. 

 
In Fig. 5 we compare the performances of another set of 

devices, this time from batch II. Referring once more to Table 
I, the normal state resistance of these devices (AII#2, BII#1 
and CII#13) has an almost identical spread to those from batch 
I. Mixers AII#2 and BII#1 have similar normal resistance (58 
Ω and 60 Ω) and identical critical current (0.237 mA) which 

indicate similar critical temperatures of the superconducting 
transition. Nevertheless, these two mixers possess different RF 
characteristics. The poorer performance of the type B mixer at 
low frequencies is undoubtedly a result of the difference in 
embedding impedance of the 2 mixer chips. At around 800 
GHz, mixer CII#13 offers sensitivity close to that of the other 
two mixer types. However, it is less sensitive at low 
frequencies, and its RF bandwidth is much reduced. We can 
conclude that operating a mixer with RN significantly different 
to the embedding impedance generally results in a reduction in 
sensitivity and RF bandwidth.  
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Fig. 5. Direct detector response and Y-factor (symbols and right axle) of the 
three types of HEB mixer from batch II. The solid line and diamonds are for 
mixer AII#2, dashed line and squares for mixer BII#1, and dotted line and 
triangles for mixer CII#13. 

IV. SUMMARY 
We have designed and fabricated three different types of 

waveguide HEB mixer chips, with nominal embedding 
impedance levels of 70 Ω, 35 Ω and 15 Ω. For the mixer AI#8 
with normal resistance value of 62 Ω, designed for an 
embedding impedance of 70 Ω, we have measured a DSB 
receiver noise temperature of 440 K at a local oscillator 
frequency 850 GHz. This corresponds to a sensitivity close to 

khν10 . Type A mixers offer an input bandwidth of about 
350 GHz. 

By comparing the sensitivity and frequency response of the 
different mixer types, we find that HEB mixers operate best 
with a normal state resistance close to that of the embedding 
network. However, RF performance is not a critical function 
of the match, but for RN >> Zemb the receiver sensitivity drops 
and the available input bandwidth is also reduced. 

Our experimental data also confirms that other factors, such 
as film quality and contact resistance at the superconductor – 
normal metal interface can have a significant impact on the 
performance of the HEB mixer receiver. 
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