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Abstract—The Submillimeter Wave Instrument (SWI) is a 

spectrometer/radiometer instrument on board of Jupiter Icy 

Moons Explorer (JUICE) mission operating in two submillimeter 

heterodyne bands around 530 µm (530 – 625 GHz) and 255 µm 

(1080 – 1275 GHz). The paper presents the results of acceptance 

testing and performance optimization carried out on the flight 

and spare model of the 1200 GHz receiver front-end. The safe 

operation conditions at 120-150 K ambient temperature, such as 

maximum authorized input RF power, applied DC bias voltage 

are determined through the definition of the Schottky junctions 

dissipated power and current density ranges. A tuning procedure 

that optimizes the sensitivity of the front-end while keeping it 

within safe limits at 120-150K temperature operation is discussed. 

In part II, we present a detailed analysis of reliability and 

endurance testing.  

 
Index Terms—Jupiter, Solar system, Space, Jupiter Icy Moon 

Explorer, Submillimeter Wave Instrument, Schottky diodes, 

receivers, Semi-conductor, Terahertz, Qualification. 

I. INTRODUCTION 

he JUICE (JUpiter ICy moon Explorer) mission is the 

first large class mission (L1) within the ESA Cosmic 

Vision Program 2015–2025, to be launched in April 

2023. JUICE will exploit in full the power of remote 

sensing synergy by combining moderate resolution imaging 

with very high-resolution point spectroscopy covering broad 

band spectral range from UV to sub-millimeter wavelengths. 
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For illustration, Fig. 1 compares the JUICE spectro-imaging 

capabilities with those of the Galileo mission. 

 
 In particular, the Submillimeter Wave Instrument (SWI) is a 

heterodyne spectrometer measuring spectra and continuum 

emissions in two bands between 530 – 625 and 1080 – 

1275 GHz, Fig. 2(a). SWI’s spectrally tunable two independent 

front-ends channels serve to detect variation in THz radiation  
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Fig. 1. Spectral resolving power vs. spectral range for the JUICE (solid lines 

and dots, labelled by “J” in the figure) and Galileo (dashed lines) spectro-

imaging instruments (denoted by “G” in the figure labels) modified from [2]. 
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related to the physical temperature of optical blackbodies, at a 

magnitude below 0.1 Kelvin with 100 kHz spectral resolution, 

i.e up to 107 over 15% relative detection bandwidth [1], 

Fig. 2(c). 

  

Therefore, SWI will enable access to the submillimeter 

portion of the spectrum with spectral resolution higher than 

ever achieved by any orbiting spacecraft around Jupiter [2], 

offering new capabilities in sounding of the spectral lines of the 

gases present in the upper atmosphere of the giant planet to 

determine composition, temperature structure and dynamics in 

its middle atmosphere. A feature of SWI includes simultaneous 

observation of several H2O lines using the two channels. SWI 

merges heritage of a number of space borne microwave 

heterodyne spectrometers such as the Millimeter Wave 

Atmospheric Sounder (MAS) [3], [4], Odin [5], the Microwave 

Instrument for the Rosetta Orbiter (MIRO) [6] and the 

Heterodyne Instrument for the Far Infrared (HIFI) [7]. In our 

case, the mission duration is up to 9 years cruising to Jupiter 

and 3 years of operations. For the planned launch window in 

April 2023 the cruise phase involves one Venus and three Earth 

fly-bys. The science operation includes 2.7 years of Jupiter 

phase, 27 satellite flybys and 284 days of Ganymede orbit. 

Science observation scenarios have been defined for a various 

set of observation modes, which duration is typically of one 

hour each. The thermal environment is defined as five thermal 

 

 

 
1 LERMA contribution also includes the 300 GHz single chip frequency 

doubler as the last stage of the local oscillator (LO) of the 600 GHz channel but 
also other subsystems such as the regulator bias box (RBB) to supply regulated 

DC bias voltage to both the 1200 GHz mixer and its first stage LNA, the two 

150 

cases covering cruise phase and mode of operation of the 

instrument, in particular the science cases at Jupiter and its 

moons. 

The high frequency part of the SWI instrument front-end 

feature GaAs-based Schottky-diode microwave monolithically 

integrated circuit (MMIC) devices especially designed and 

fabricated for the JUICE mission [8], [9], [10]. The 1200 GHz 

channel part procured by OBSPM-PSL consists of an 

assembled chain including a 300 GHz power-combined 

frequency doubler, a 600 GHz frequency doubler, and a 1200 

GHz sub-harmonic mixer1. These components are the core 

devices of the receivers where the frequency conversion 

occurs. Interplanetary space missions imply particularly severe 

and specific constraints on devices reliability. The work 

presented here is the first part of the assessment and acceptance 

methodology developed to keep best performance levels, 

within safe limits, so that environmental and operational 

precautions can be appropriately placed to mitigate risks. In 

Section II, we describe the SWI radiometer front-end system 

and in Section III we discuss its key system design aspects in 

order to reach best noise temperature performances. The 

condition for safe DC tuning is the primary focus of the paper 

and is detailed in Section IV. The discussion encompasses the 

front-end element pre-calibration, before the full instrument 

commissioning campaign2. First, we focus on the definition of 

the Schottky junction’s typical dissipated power and current 

density ranges as well as their monitoring during the Assembly, 

Integration and Test/Verification program (AIT/AIV) of the 
front-end only at 300 K room temperature. Then we describe 

additional cryogenic testing of the junctions, which parameters 

are injected in the modelling of the 1200 GHz front-end at the 

nominal 120-150 K temperature of operation [1]. Finally, we 

assess the safe tuning procedure developed in order to keep the 

instrument within safe limits between 120-150 K ambient 

temperature, and we define the typical and maximal thermal 

dissipation values allowed per anode area. In part II, we put in 

perspective reliability during operation, endurance testing and 

determine allowed tuning deviations. 

II. RECEIVER UNITS (RU) AND OBSPM-PSL CONTRIBUTION 

Figs. 3(a) and (b) show the SWI radiometer front-end 

Receiver Units (RU). The radiation/signal is collected by a 

diffraction limited elliptical reflector with projected 29 cm 

aperture and collimated via the mirror M2 into the Receiver 

Unit (RU).  After entering the RU box, the beam encounters a 

planar mirror M3 and an elliptical mirror M4. A free-standing 

wire grid (WG) splits the beam into two orthogonal linear 

polarizations [11]. The reflected polarization component 

parallel to the wires is coupled via the elliptical mirror M5R to 

the feed-horn of the 600-GHz double sideband (DSB) 

Schottky-mixer and its integrated IF low noise amplifier 

 

GHz thermal break titanium waveguide (interface from hot to cold electronics), 
the technical assessment of the dual K band synthesizer (designed and procured 

by Syrlinks), the 80 MHz 10-8 Stability class  ultra stable oscillator (procured 

by Rakon), the IF LNA (procured by Miteq) and the 1200 GHz horn (procured 
by RPG)[12]. 

2 See further publications on SWI in “Space Science Review Paper”. 

Fig. 2. (a) Synthetic microwave spectrum of Jupiter atmosphere modified 
from [2], 600 GHz (green) and 1200 GHz (violet) channels. High spectral 

resolution examples versus spectral resolution: (b) simulations of H2O in 

Ganymede atmosphere at 1162 GHz (Limb spectra for different altitudes) [2] 
and (c) HCN line for different spectral resolution. 
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developed and fabricated by Chalmers [10]. The transmitted 

polarization component that is perpendicular to the wires is 

reflected from the elliptical mirror M5T to the feed-horn of the 

1200-GHz DSB Schottky-mixer receiver.  

 
For the 1200 GHz channel, the signal enters a 1200 GHz 

spline horn [12] and is led to the sub harmonically pumped 

mixer (SHM) and down converted to an instantaneous 9 GHz 

frequency IF bandwidth double side band. The high purity and 

stability [13] local oscillator (LO) signal consists of a K-band 

synthesizer3, using a 80 MHz reference signal generated by a 

10-8 stability class space ultra stable oscillator (USO)4, 

 
3 Procured by Syrlinks 
4 Procured by Rakon 
5 Procured by Radiometer Physics 

followed by E-band triplers, power amplifiers5 and cascaded 

frequency doublers.  

The 300 GHz [14] and 600 GHz [15] frequency doublers 

multiply by four the frequency of the input signal at 150 GHz 

interfaced with a thermal break waveguide made out of 

titanium. Requirements of the dual K band synthetizer have 

been specified for heterodyne detection at 600 GHz and at 

1200 GHz, with a phase error at X band to be below 0,22° rms 

[16]. The down-converted signal at intermediate frequency 

band (IF signal) at 3.5-8.5 GHz6 is amplified using a Low 

Noise Amplifier (LNA)7 and fed to a high-resolution Chirp 

Transform Spectrometers and a broadband Autocorrelation 

Spectrometers. 

OBSPM-PSL contribution encompasses the cold electronic 

front-end (1200 GHz mixer, 600 GHz and 300 GHz frequency 

doublers, LNA, and Regulator Bias Box (RBB)) illustrated in 

Fig. 3(b) and (c) as well as the K-band synthetizer or frequency 

distribution module as part of the electronic unit. 

The acceptance of the FM and FSM models followed a 

methodology in accordance with planning constraints. The 

sequence started with separated mounting of the MMIC chips 

in their wave-guide blocks, followed by a series of screening 

tests (thermal cycling, burn-in, High Temperature Reverse Bias 

(HTRB)). Then the blocks showing best performance were 

selected and assembled in one flight (FM) and one spare (FSM) 

chains. Other blocks were assembled in qualification chains 

(QM) to demonstrate that hardware fulfil all specified 

requirements under simulated conditions more severe than 

those expected during the mission. DC bias look-up tables 

values obtained with the demonstrator model (DM) [15] at 300 

K room temperature have been used as initial state to secure a 

traceability of the performances across all delivered models 

(Engineering Model, QM, FM/FSM). The screening and 

acceptance include RF heterodyne measurement for health 

control ending with a performance and pre-calibration 

campaign at 300 K and 120-150 K ambient temperatures. 

III. 1200 GHZ FLIGHT MODEL CHANNEL PERFORMANCES 

DURING AIT/AIV PROGRAM 

The minimum detectable temperature variation is 

ΔT=Tsys/√(B*τ), where τ is the integration time and Tsys the 

system noise temperature. The specification of SWI 1200 GHz 

channel is a DSB noise temperature not larger than 4000 K 

with an optimum goal of 3000 K at 120-150 K over the full 

1080-1275 GHz frequency bandwidth. The system 

performances have met the expectations with additional 1000K 

margin (Table I). This achievement offers SWI relaxed 

operating condition such as a factor square reduction in the 

integration time. 

Tsys is firstly dominated by the mixer noise, then by the 

noise of the IF LNA (because of the mixer conversion losses) 

as given by the Friis’ noise factor cascaded formula. The 1200 

GHz mixer features two DC series-connected sub-micronic 

Schottky diodes (with anode area of 0,16 μm2) on a 2 μm thick 

 
 

6 Nominal value of mixer IF output impedance matching. 
7

The LNA noise factor value is 0.9 to 1.3 dB over 3.5-8.5 GHz. LNA MITEQ 

SAFS3-03500850-10-CR-FM  

 

 
Fig. 3. SWI Receiver Unit front-end. (a) Fully assembled Receiver Unit 

(courtesy MPS) with (b) simplified schematic (French contribution in dashed 
lines); OBSPM-PSL main contribution includes the cold electronics front-end 

(c): the 1200 GHz mixer plus cryo-LNA ensemble, DC bias regulator, LO last 

stage doubler at 300 GHz and 600 GHz, and the thermal titanium waveguide 
break interfacing with the 150 GHz source.  
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          (a)                                                         (b) 

  
          (c)                                                       (d) 

Fig. 5. SWI circuits. (a) 600 GHz single chip MMIC doubler and (b) its final 
mounted mechanical block with flange and DC interface connector, (c) 300 

GHz MMIC doubler and (d) 300 GHz power combined dual chip doubler 

with hybrid and load. 

 

substrate, optimized for state-of-the-art low noise parasitics at 

Terahertz frequency [17], [18] and 300 K room temperature. 

As illustrated in Fig. 4, the MMIC features a sub-harmonic 

balanced configuration that cancels out very efficiently the 

amplitude modulation noise (AM) [19]. In addition, because 

the noise contribution of a local oscillator drops off rapidly 

away from the carrier, the LO noise in a sub-harmonic (and 

balanced) mixer is much lower than for a fundamental 

balanced mixer [20]. An important specificity of the diode cell 

is that it integrates an on-chip capacitance, providing a local 

separation of the DC (Fig. 4(b)) and IF path (Fig. 4(c)). In this 

way, the varistor mode of the two Schottky diodes is secured 

by DC forward biasing, while offering the possibility to finely 

adjust the local oscillator power to a minimum at anode level 

for best receiver noise performance. 

 
Fig. 4(d) shows the fabricated 1200 GHz mixer after its 

release and mounting in the waveguide block. This block 

features micrometer alignment accuracy, and is made out of 

gold coated aluminum8. In addition, the metal waveguide block 

includes an AC filtering circuit after the DC ports, allowing to 

filter potential spurious at high frequency [21] thus adding high 

rejection in the IF band. This AC filtering circuits also provides 

redundant protection to potential electrostatic discharge events 

(ESD) during DC supplies switch ON and OFF transient steps. 

The 1200 GHz mixer bias voltage is supplied by the DC 

regulator bias box, and a real ground is applied when the output 

is not activated adding an ESD protection. The drawback is 

that the mixer diodes DC rectified current cannot be accessed 

therefore monitored during operation. The 300 GHz and 600 

GHz frequency doublers (Fig. 5) also feature micronic anodes 

(of 15,8 μm2 and 3 μm2, respectively) on MMIC chips, 

 
8The process is developed in collaboration with Société Audoise de Production 

and KERDY, France.  

operating this time in varactor mode with reverse DC bias 

voltage operation [22]. Contrarily to the mixer, the frequency 

doubler AC protecting circuit allows the monitoring of the 

rectified current during operation while they are AC-protected 

on their DC port.  

During RF measurement, each element of the LO power of 

the 1200 GHz mixer as well as the mixer itself, are DC tuned to 

given frequency-dependent values in order to finely adjust 

impedance matching and limit interface mismatch ripples. This 

look-up table constitutes the initial values for calibration and 

commissioning phases of the instrument at MPS. Table I gives 

the measurement performances of the FM and FSM chains and 

some of the identified molecular lines9. The molecular line 

frequencies are based on [23] for most neutral compounds and 

[24] for most ions species.  

Although FSM has overall better performance than the FM, 

FSM won’t be installed if no significant failure of the FM 

occurs during the instrument integration process into the 

JUICE platform. 

As it was already mentioned, special attention should be 

given to the device reliability that involves a definition of 

failure, time, and statistic. Submicronic GaAs/metal contact 

anodes have already been reported to degrade or fail with 

excessive amounts of either forward or reverse currents. As 

discussed in [25], measured I/V characteristics show that in 

small diodes the current deviates considerably from the ideal 

thermionic model behavior with decreasing diode diameter, 

caused either by edge effects and/or interface effects at the 

metal semiconductor junction. In addition, the diode finger can 

act as a fuse, making this parameter process and design related. 

Failure mechanisms have been studied and reported separately, 

associated with electrostatic discharge [26], [27], [28], Thermal 

 
9 The "tuning label" contains the name of the main observable molecule 

(e.g. H2O), as well as the approximate frequency in GHz (e.g. 1097), and the 

position of the line either in the lower ("L") or in the upper ("U") sideband. 

 
Fig. 4. SWI 1200 GHz MMIC mixer circuit with sub-micronic anti-parallel 
Schottky diodes. (a) Scanning electron microscope picture of the fabricated 

diode cell and its DC near vicinity on-chip capacitance, (b) DC and IF path at 
diodes vicinity, (c) RF and LO signal transmission modes, (d) chip mounted 

in its gold-plated mechanical block (micro-meter alignment accuracy from 

top to bottom). 
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cycling [14], temperature only induced failures (no DC nor RF 

excitation) [29] or temperature increase induced failures 

(equivalent to RF excitation) [30]. In part II, we will discuss 

the methodology to test the sequential peak and average 

degradation of the flight wafer representative to the all thermal 

or electrical risks. In the present paper, we define the limits of 

the pass criteria with the herein condition of safe RF 

optimization. 

 

IV. CONDITIONS OF SAFE RF OPTIMIZATION 

During RF operation or RF performance tuning, the DC 

parameters, such as DC bias voltages (look-up table) and 

associated rectified currents should be limited to acceptable 

values, for each block of the 1200 GHz front-end individually 

(300 GHz, 600 GHz doublers and 1200 GHz mixer). Indeed, to 

guarantee that the diode will not be damaged during operation, 

the DC bias voltage must not exceed a certain range in order to 

avoid excessive currents in the positive or reverse directions 

and prevent any aging or damaging of the junction [30]. On 

one hand, constant reverse currents of few μA can degrade the 

diode even before the avalanche breakdown happens [22], 

because of the excess in voltage swing that might tackle 

reverse current and therefore should be limited [31]. On the 

other hand, the forward (and positive) current level reaches 

typically a few mA and hundreds of μA respectively for the 

multiplier and mixer, flows through the bias lines, and is 

absorbed by the load provided at the DC supply interface and 

also should be monitored and limited. Unfortunately, the peaks 

of the voltage swing is too fast and cannot be measured 

directly; only measurements of the average voltage and current 

are possible at these frequencies. In our case, voltage swing 

was verified trough simulation and confirmed during RF 

endurance testing. For this reason, our power dissipation 

budget covers the typical and worst case of thermal dissipation 

(forward current) while it fulfills reverse voltage swing 

limitations tested with DC HTRB and RF endurance. To finely 

control the increase of multiplier efficiency at 120-150K 

temperature we implement RF optimization DC tuning to 

constrain to minimal compliant ranges. This tuning uses safe 

procedures and is confirmed by modelling in the following 

paragraphs and endurance testing in part II. 

A. Power dissipation budget equations 

Each of the multiplier and mixer diodes can sustain a 

certain amount of incoming and dissipated power expressed per 

junction area (in mW/µm2), related to a given forward DC 

current density during operation. The maximum of this forward 

DC current is limited by the diode's ability to dissipate heat 

[32], and increases with doping density [30] and over time 

[29], [31]. The multipliers and mixer under analysis feature 

nonlinear balanced structures optimized for signal detection or 

generation, efficiency of which rely on first, second and/or 

idler harmonic matching [33]. At first order, the power 

dissipation budget can be identified at DC, first and second 

harmonics. This equilibrium state differs for the 300 GHz, 600 

GHz doublers, and the 1200 GHz mixer, respectively. For this 

analysis, we consider a worst case, i.e. when all dissipated 

power dwell in a thermal dissipation only, located at the anode. 

The frequency doublers convert the input signal to an output 

power at a doubled frequency with a budget equilibrium noted 

as: 

             Pdissipated = PInput h1 - POutput h2 + P DC varactor (1a) 

Pdissipated  is the total dissipated power in mW, PInput h1 and POutput 

h2 are respectively the doubler input and output signals at 

harmonics 1 and 2 (PInput h1 > POutput h2). with PDC varactor = VDC-bias 

Doubler x IDC Doubler, VDC-bias Doubler being the applied DC voltage 

tuning and IDC Doubler the junction DC rectified current, flowing 

from DC anode to DC load. Both PInput h1 and POutput h2 contain 

transmission and reflection coefficients. Most of the time, the 

dissipated power is strictly the remaining portion of the non-

converted power at harmonic 2, therefore decreases linearly 

with the increase of efficiency of the multiplier. Indeed, for the 

perfect frequency multiplier, the dissipated power at 

equilibrium reaches a maximum when pure varactor mode is 

excited at VDC bias Doubler < 0 and IDC bias Doubler 0. However, the 

exact power dissipation budget of the real multiplier at full 

scale includes all matched-unmatched loaded harmonics and 

intermodulation products [32] such as: 

     Pdissipated = Σ[P Input hn - P Output h(n+1)] + P DC varactor  (1b) 

with hn being the nth harmonic of the signal passing through 

the Schottky anodes. In addition, both varactor and varistor 

mode co-exists, and most of the time Ibias Doubler remains 

positive, i.e. some part of the power is converted to a positive 

DC power.  

In the mixer case, the energy budget is at first order related 

to the contribution of the mixing product fIF = fRF +/- fOL. The 

mixer is DC biased with a positive voltage and a positive 

current appears due to RF rectification (nominal varistor 

operation) and the dissipated power is expressed as: 

  Pdissipated = PRF input + PLO input  - P IF Mixer - P DC varistor  (2a) 

with, PDC varistor = VDC bias Mixer x IDC Mixer , VDC bias Mixer > 0 and IDC 

is the junction DC rectified current, which flows from DC load 

to anode. The DC rectified current is typically on the order of 

several 100 μA. The power of the RF signal (typically 

molecular line absorption or emission or/and reference 

blackbody radiation) and its IF converted signal are ordinarily 

three orders of magnitude below the local oscillator power. In 

this case, the dissipated power can be simplified to: 

                           Pdissipated =Σ[P LO input hn] (2b)                          

In the present analysis, room temperature dissipated powers 

are calculated from measured values at first harmonic order 

using Equations (1a) and (2a) for frequency multipliers and 

mixer, respectively. They are simulated at cryogenic 

TABLE I 
PERFORMANCES OF THE DELIVERED 1200 GHZ CHANNEL OF THE SWI 

FLIGHT MODEL AND ASSOCIATED MOLECULAR LINES.  

FSynthetizer  

(MHz) 

FLO 

(GHz) 

Molecular line TREC DSB 

FM1 FS 

22736.2500  1091.34  T-H2O-1097U 3040 K 2366 K 

24520.8333 1177.00 Center frequency  2525 K 2205 K 

24573.7500  1179.54 T-CS-1173L 2540 K 2259 K 

25706.2500 1233.90  T-HCN-1239U 2503 K 2035 K 

26043.7500 1250.10  T-CH4-1256U 2354 K 2122 K 

26521.8750  1273.05  CO-1267L 2420 K 2318 K 
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temperature, using for the estimation of IDC, Equations (1b) and 

(2b), with contribution of all unmatched frequency residuals. 

Those are strictly verified by harmonic balance simulation for a 

mixing order >=6 (see Table II). 

B. Power dissipation budget 

The design of the 300 GHz, 600 GHz doublers and 

1200 GHz mixer have been developed for operation under 

room temperature conditions, i.e. 300 K [8], [19]. However, 

when lowering the physical temperature of operation, the 

thermal noise contribution decreases until the conduction is no 

longer dominated by thermionic emission but by quantum 

mechanics tunneling [34]. As the junction temperature drops 

even down to 120 K, the ideality factor of the junctions 

increases and their knee moves to higher voltage, boosting 

multipliers efficiency by a factor 1.5 to 2 depending on 

frequencies [35], [36]. This effect is usually advantageous to 

the systems. In our case it might lead to a risk in doubling the 

dissipated power per anode without proper control, and 

consequently higher up the risk of long-term degradation. Our 

methodology study consists in firstly assessing the maximum 

and best case dissipated limits from 300 K room temperature 

measurement including separated stages before final assembly 

of all components (paragraph IV.B.1), secondly assess that 

dissipation limits are kept below limits at 120-150 K 

temperature of operation (paragraph IV.B.2) despite limited 

programmatic time available at the time of final assessment.  

1. 300 K temperature operation 

Fig.6 shows the set-up used for the RF measurements of the 

1200 GHz receiver chain at 300K room temperature, conducted 

on FM and FSM chains during screening steps (health control) 

and also during pre-calibration test campaigns.  

 

Fig. 6. Flight model of SWI 1200 GHz front-end during RF acceptance test 

(OBSPM-PSL premises) at 300 K room temperature before integration in the 
telescope and receiver unit (MPS premises). 

The simulation consists in a co-simulation matching the 

integrated circuitry to a harmonic balance code provided by 

ADS. A 3D electromagnetic field simulator tool (High 

Frequency Structure Simulator) is used to calculate the passive 

scattering matrix of the diode geometry and its near field 

parasitic. This virtually duplicated geometry fits and defines 

the e-beam fabrication process, along with the micro-

mechanical waveguide structure [17],[33]. Room temperature 

measurement of the junction (IV) curve at DC (Table III) 

allows interpolation of the current equation [38] and 

approximate the junction parameters at 300 K as defined in 

[19],[35]. 

TABLE II 

DC AND RF INDICATORS USED IN THE RETRO-MODELLING  

AT CRYOGENIC-TEMPERATURE. 

*D300 stands for 300 GHz doubler and D600 for 600 GHz doubler. RT is room 
temperature; CT is 120-150 K temperature. 

 

 

a) Multiplier case (300 K) 

Previously, the output power levels, as well as DC rectified 

current values of the 300 GHz and 600 GHz doublers have 

been measured sequentially. Fig. 7 presents the measured and 

simulated output power levels as function of frequency. The 

input power for the 300 GHz doubler (which is the output 

power of the 150 GHz multiplier) is also presented for 

comparison. The dotted lines show the results of the retro-

simulation performed using the measured values of frequency 

dependant DC voltage and diode parameters (see Table II).  

  Temp. Meas. Retro-Model Plot 

PIN 150 

GHz =  PIN 
D300*  

RT ✓   Fig. 7/Fig.12 (a) 

CT ✓   Fig.12 (a) 

VDC D300  
RT ✓ from RT meas   

CT ✓ from CT meas   

IDC D300  
RT ✓ from RT meas   

CT ✓ from CT meas   

PDISS D300  

RT Eq. (1a) 
Eq. (1a) / 

Eq. 1b (IDC) 

Fig.13 (a)/ 

Table IV 

CT Eq. (1a) 
Eq. (1a) / 

Eq. 1b (IDC) 

Fig.13 (a)/ 

Table IV 

VSWING 

D300  

RT       

CT     Fig. 14 

POUT D300  

= PIN D600* 

RT ✓ 
 

Fig. 7/Fig. 12(b) 

CT 
D300X1 
only 

Output of D300 

modelling / Input to 

D600 modelling 

Fig. 12(b) 

VDC D600  
RT ✓ from RT meas   

CT ✓ from CT meas   

IDC D600  
RT ✓ from RT meas   

CT ✓ from CT meas   

PDISS D600   

RT Eq. 1(a) 
Eq. (1a) / 
Eq. (1b) for IDC 

Fig. 13(b)/ 
Table IV 

CT   
Eq. (1a) / 

Eq. (1b) for IDC 

Fig. 13(b)/ 

Table IV 

POUT D600 

= POL 

SHM1200  

RT ✓   Fig. 7 

CT   
 

  

VSWING 

D600  

RT ✓     

CT   ✓ Fig. 15 

VDC 

SHM1200 

RT ✓ from RT meas   

CT ✓  from CT meas   

IDC 

SHM1200 

RT n/a ✓   

CT n/a ✓   

PDISS 
SHM1200  

RT Eq. 1(a)   Fig. 8 

CT   
Eq. (1a) / 

Eq. (1b) for IDC 
Table IV 
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b) Mixer case (300K) 

Fig. 8 illustrates the measured performances (receiver noise 

temperature) versus LO frequency (Fig 8(a)) and local 

oscillator power level (Fig. 8(b)) at 300 K room temperature 

across the full 1080-1280 GHz range. The cross markers 

correspond to the simulation of the mixer noise temperature at 

one central frequency fLO = 585 GHz, using the typical 

frequency–dependent DC bias (RBB levels) and local oscillator 

power values. As for the 300 GHz and 600 GHz frequency 

doublers, the junction parameters at 300 K are given by wafer 

values made during wafer screening and listed in Table III. The 

mixer activation point is defined by the DC bias voltage 

associated to the matched power of the local oscillator in mW 

at the two anti-parallel balanced Schottky mixer anodes. 

Both measurement and simulation illustrate that the mixer 

performance improves by increasing the LO power level 

starting from zero up to a certain level, depending of the 

chosen working frequency. However, above this level, an 

additional increase of this LO power doesn’t improve the 

performance, but rather increase the dissipated power at anode 

junction. Three zones of operation could be identified, going 

from maximum to minimum LO power level: i) Zone I covers 

the maximum LO power without activation of the mixer DC 

bias voltage (PLO ≥ 1to 2 mW), ii) Zone II covers the optimum 

operating point of the flight model and is centered around 

PLO ∈ 0.75-1 mW and a DC bias voltage Vb ∈ 0-0.45 V at 

junction level (voltage across the two junctions in DC series), 

and iii) Zone III corresponds to acceptable performances with 

limited LO power (PLO ≤ 0.75mW). The Zone II - Zone III 

transition defines the edge of operating point (PLO = 1 mW and 

Vb = 0.25 V), for keeping best performances with minimum 

LO power, thus minimum power dissipation. The tradeoff 

limits are obtained for 1 mW level, corresponding to 6 mW per 

µm2 per mixer anodes. These preliminary values are not yet 

representative to nominal 120-150 K temperature of operation, 

but exceeding of the level shall be prevented at cryogenic 

operation with limiting the RF tuning procedure. All the 

measurements going above 6 mW per µm2 are translated into a 

thermal increase and subtracted in the expected life time of the 

herein FM chain (see part II). 

 

2. 120-150 K temperature operation 

Fig. 9 shows the set-up inside the cryogenerator. The RF 

measurement of the flight model of the 1200 GHz cold 

electronic front-end were performed at cryogenic temperature 

with the 150 GHz stage flight models (provided by Radiometer 

Physics) and a Keysight/PSG Analog Signal Generator 

E8257D. Respectively, the front-end spare mode was tested 

with the 150 GHz Stage qualification model. The RF tests are 

conducted at 128 K and 158 K for the 1200 GHz cold 

electronic front-end and at 253 K and 273 K ±3 K for the 150 

GHz unit. 117 frequency points were optimized for the FM and 

14 frequency points for the FSM chain during the pre-

calibration campaign. For programmatic reasons, direct 

 
Fig. 7. The output powers of SWI FS 300 GHz and 600 GHz doublers 
measured during the acceptance phase at 300 K room temperature (bold-

light represent measurement and dot-light represent retro-simulations). 

 
(a)  

 
 
Fig. 8. Identification of operation of the 1200 GHz mixer at 300 K room 

temperature during acceptance (FM and FSM models): (a) versus LO 
frequency and (b) versus LO power sweep from 0.5 to 2.5 mW and 

equivalent dissipated power per junction area. All frequency points are given 

(from 1080-1280 GHz). DC voltages corresponds to RBB levels. 
Simulations are for fLO = 585 GHz only and are noted “MODE” (cross 

markers). 
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cryogenic measurement of the efficiency at 300 GHz and 

600 GHz could not be added as a separate step10. 

Instead, the strategy of operation is defined by transition 

procedures between state mode of the instrument to secure any 

failure of the junctions [37], [31] and confirmed with 

simulation.  

 

  

Firstly, the experimental procedure is divided in three 

progressive steps for securing safe operation of the Schottky 

junctions while reaching optimum DC-bias values. The starting 

 
10 except for the single chip 300 GHz doubler as part of SWI- 600 GHz 

channel. 

condition is that the synthesizer is in standby and all receiver 

unit components are OFF. In a first step, and before enabling 

the attenuation level of the K-band synthesizer output, the 300 

GHz and 600 GHz doublers are DC biased with value set by 

the look up table, previously defined in [15]. During this step, 

the mixer DC voltage is DC grounded through the RBB 

inhibited port. In a second step, the K-band synthesizer output 

power is set to a minimum value then the bias voltage of each 

frequency doubler of the local oscillator are adjusted 

sequentially and for maximum mixing efficiency until the best 

noise temperature has been reached. Finally, the mixer DC 

tuning is activated if necessary in a third step. Any decrease in 

receiver performance revert the operation to previous tuning 

steps, thus forcing a one-way iteration of the optimization.  

Secondly, three retro-simulations are necessary for the 

complete cryogenic assessment of dissipated power of the 

junction used in the 1200 GHz cold electronic chain. The 300 

GHz doublers MMIC circuit retro-models at 120-150 K 

temperature (output power) is used as input to 600 GHz retro-

modelling, used subsequently as an input to the 1200 GHz retro-

modelling. The available measured values (Table II) are the 

input power at the 150 GHz stage and every frequency-

dependent DC bias tunings and DC rectified currents. Other 

indicators were assessed through simulation. In addition, the 

junction DC (IV) curves performed at cryogenic temperatures 

(Fig. 11 and Table II) and allow to interpolate the current 

equation [38] and approximate the junction parameters at 150 K 

as defined in [35]. The results of the three-steps simulation is 

sufficient for the power density assessment and optimization 

(pre-calibration campaign). The extension of the simulation 

consists in modelling the full chain (i. e with merged three 

simulation steps) that could be used as an input to the 

 

Fig.9. The RF acceptance test set-up performed at OBSPM-PSL on FM 

models. 

 
Fig. 10. Safe tuning algorithm and its impact on noise performances for FM models. (a) 1200 GHz front-end performance at 120-150 K room temperature (FS 

models) and (b) Simulation frequency is 1200 GHz, estimation of DSB receiver noise temperature versus local oscillator power level. This result allows to 
significantly flatten the noise performance over the full bandwidth11. 
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calibration campaign spurious modelling analysis 11.  

Fig. 10 (a) shows the DSB noise temperature measurement 

at 128 and 158 K for the flight spare model at different 

frequencies. Fig. 10 (b) is the corresponding modelling for 

different local oscillator power level sweep from 0.5 to 2 mW. 

The DC tuning of the mixer is activated at minima, always 

going from Zone II to Zone III states. Therefore, safe RF 

optimization during acceptance tests allows to keep below a 

maximum of 2 mW dissipated power for the two-anode mixer 

chip, while improving the performances. In Fig. 12, we 

demonstrate that the safe RF tuning mentioned earlier has the 

effect to limit the power levels despite cryo-cooling [36].  

Fig. 13 gives the dissipated powers per anode (expressed in 

mW per µm2), for the 300 GHz and 600 GHz doublers. They 

are calculated using Eq. (1a) with measured values (RF input 

and output powers, DC voltages and DC rectified current at 

every tuning frequency) and Eq. (1b) for the estimation of IDC. 

 

 
11 See further publications on SWI in “Space Science Review Paper”. 

 

 
 

    
Figure 13:  Dissipated power per anode area in mW per µm2 for the (a) 300 

GHz doubler and (b) 600 GHz doubler (300K measurement: bold-light, 300K 
simulation: dot-light, 150K simulation: dot with circle).  
 

 
(a) 

 
(b) 

Fig. 11. IV characteristics measured (a) on 600 GHz doubler and (b) on 1200 

GHz mixer at 150K (white squares) and 300 K (black squares). The dashed line 

is the theoretical fit [19][38]. 

TABLE III 

DIODES DC PARAMETERS 

Diodes Temp Rs (Ω) Cj0 (fF) η Is(A) 

300 GHz  300 K 7 18.5 1.21 2.36x10-12 

150 K 6 18.5 1.59 2.45x10-22 

600 GHz  300 K 21 4.5 1.23 1.75x10-13 

150 K 20 4.5 1.77 2.01x10-21 

1200 GHz 300 K 53 0,5 1.4 0.5x10-11 

150 K 53 0.5 1.5 1x10-22 

128 K 53 0.5 1.6 1x10-25 

 

 
Figure 12: (a) Measured input powers before the 150 GHz thermal break 

titanium waveguide (300K: bold-light, 150K: bold-circle), (b) Measured and 

simulated power at 300 GHz (300K measurement: bold-light, 150K 
simulation: bold- circle). 
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V. DISCUSSION 

The maximum allowed dissipation power per Schottky 

junctions, expressed in mW per µm2 are the maximum of the 

junction power budget assessed during operation with the one-

way tuning algorithm for safe RF operation. For the 

multiplier’s operation, excess in voltage swing is simulated and 

illustrated in Fig. 14 and 15. The zone of negative DC current 

is not recommended. The first and practical recommendation to 

avoid reverse current is to keep the minimum value of the DC 

rectified current always positive. For the mixer operation, the 

DSB noise temperature performances of the 1200 GHz chain 

are reached with an identified minimum LO power (Fig. 10), 

with a uniquely flat level over the full 1080-1280 GHz 

bandwidth. The junction temperature increase is calculated 

using the parameters from [39], [40]. It is summarized in Table 

IV as maximum dissipated power per junction area, and serves 

as an input to part II, to demonstrate long life operation and 

critical failure margins.  
In this paper we have shown that the DC tuning allows to 

ensure very good performances over a wide RF bandwidth of 

20%. Good performances can be maintained even at the band 

edges where the LO power falls to very low levels. Once the 

observing frequency has been selected, the DC bias of the LO 

and mixer is kept constant and therefore should not impact the 

stability of the receiver. A full characterization including 

linearity, stability, IF band characteristics and side band ratio 

has been carried out at MPS after the receiver had been fully 

integrated. The results of these measurements will be presented 

by Hartogh et al. that will be published very soon. 

In part II, we put in perspective reliability during operation, 

endurance testing and determine allowed tuning deviations. 

Firstly, the PLO = 1 mW and Vb = 0.25 V turn on point is used 

for RF endurance testing of the full 1200 GHz chain at 300 K 

(RF accelerated life tests). Secondly, DC endurance testing 

allows to push the dissipation power level according to Table 

IV.  
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Figure 14: 300 GHz frequency dual chip doubler operation at 150 K, as a 

function of total DC bias.: (a) minimum and maximum efficiency, maximum 

voltage, (b) minimum and maximum rectified current, Dissipated power, (c) 
Vpeak per anodes Zones. 

 
Figure 15: 600 GHz frequency dual chip doubler operation at 150 K, as a 
function of total DC bias.: (a) minimum and maximum efficiency, maximum 

TABLE IV 
DISSIPATED POWER 

Dissipated power 

per junction area 

300 K  

AIT/AIV 

screening 

120-150 K 

AIT/AIV acceptance 

in mW/ 

µm2 

in mW/ 

µm2 

Temp.increase (K)  

(Rth =3000-5000 K/W) 

Per anode Per chip 

300 GHz  Avg. 0.4 0.3 19 36 

Max 0.6 0.4 32  128 

600 GHz  Avg. 1 1 26  52 

Max 3 3 44  88 

1200 GHz Avg. 0.7 3 3   6 

Max 121 6 5 10 
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voltage, (b) minimum and maximum rectified current, Dissipated power, (c) 

Vpeak per anodes Zones. 
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