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SMA	Ongoing	Wideband	Upgrade	
	Upgrades	leading	to	wSMA	
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How to further improve SMA sensitivity and throughput? 

•  Add more antennas? 

•  Increase the size of antennas? 

•  Increase the instantaneous bandwidth of SMA 
 > Improve continuum sensitivity of SMA  ΔT ~ 1/√ B 

  > Catch more spectral lines with a single tuning 
 
•  Improve receiver noise temperature 

 > Remove room temperature optics  
 
•  Going to multi-pixel 
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Frontier	for	Radio	Astronomy:	Quest	for	Wider	Bandwidth	

32 GHz 

32 GHz wide spectrum produced by the SWARM correlator of the Submillimeter Array (SMA), using 2x8 GHz 
Double-side-band  IF of the SMA receivers. SWARM is powered by state-of-the-art fast digital FPGA processors. 

•  SMA is performing nightly observation with 32 GHz wide on-sky 
bandwidth thanks to wideband SIS receivers and SWARM. 

•  SWARM = Q1, Q2, Q3 + Q4, each quadrant handles 2 GHz DSB x 2 Rx 

•  4 fold increase in BW compared to 10 years ago. Equivalent to 
collecting and processing 4 times as many photons. 

•  Can we go further in increasing the bandwidth? YES 
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Current Status of SMA 
Dual DSB Rx 
4 - 12 GHz IF 
4Q SWARM 

32 GHz On sky BW 

Upgrade Path of SMA 

Interim Upgrade 
Keep Cryostat 
4 - 16 GHz IF 
6Q SWARM 

48 GHz On sky BW 
wSMA Goal 

New Cryostat 
4 - 20 GHz IF (min) 

Next gen Correlator (?) 
> 64 GHz On sky BW 

2018 

2019 

2021- 
2022 
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Factors	Limiting	IF	Bandwidth	of	SIS	Mixers	

•  High IF quantum effect (from Tucker Theory) phases in for IF > FLO/10. 

•  Junction Capacitance --- Use small devices or series junction array. 

•  Output Saturation: Wider IF band leads to higher IF voltage swing across the junction. 
Max voltage swing is set by the width of photon step (LO frequency + # of junctions)     
-- -Reduce IF load impedance (Tan 2014) or use series junction array. 

•  SIS output match to Low Noise Amplifier (LNA) 
 1. Direct interface (Rice 2002). 
 2. Employ Impedance transformer (Tan 2014) . 
 3. SIS device with High Current Density (Kojima 2017). 
 4. Employ a wideband isolator in front of LNA. 

•  RF/IF Grounding of SIS Mixer -- Need to ground as close to device as possible. 



SIS	Mixer	for	wSMA-240	

4.0 µm 
6 µm 

J1       J2              J3 
Size: 1.6 µm diameter  

1.0x0.25 mm 
half height WG 

0.4 mm 

WG Feed 
Point 

Substrate: 
 0.1 mm thick  

Quartz 

Microstrip Transformer 
Tuning Capacitance Ctune @ IF  

•  Carray = Cj / 3 
•  Cmixer = Carray + Ctune ~ 115 fF.  
•  RC time constant of mixer gives   

 F3dB > 25 GHz. 

Rembed 

Xembed 
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3-Junction Array 



   Edward Tong                                    SMA Advisory Meeting, July 2018 

Output Saturation in SIS Mixers 

Power output of SIS mixer: 
Pout = Gconv x kBTinpB 

Gconv ~ 1 : Conversion gain of SIS 
Tinp ~ 300 K : Input (Antenna) Temp. 
B ~ 20 GHz : Effective IF Bandwidth 
Pout ~ 10-10 W (100 pW) 
 
RMS IF Voltage swing VIF : 

Pout = (VIF )2 / RL 
RL ~ 50 Ω: Load resistance  
VIF ~ 7x10-5  V (0.07 mV) 
 

Vphoton = N x (hfLO / e) 
            = N fLO [GHz]/242 mV 
 
Use of 3-junction array increases the 
power handling capacity of the SIS 
mixer by a factor of 3.  

Photon 
Step 

Vphoton 

Single 
Junction 

SIS 



Wideband	Cryogenic	Isolator	Development	at	CfA	

•  Commercial cryogenic edge-mode isolator 
offers 3:1 BW operation. 

•  Quinstar 4-12 GHz isolator in use in many 
ALMA band. 

•  SMA uses a 4-14 GHz version from Quinstar 
•  We have developed a even wider band isolator 

Bias Port 

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 2

Fig. 1. HFSS 3D model of our stripline edge-mode cryogenic isolator. A
copper stripline is sandwiched between two ferrite substrates. Bias magnetic
field is applied along the Z-axis. The incident wave propagates along the
straight edge of the circuit in the direction of the positive Y-axis.

have found that an optimized geometry of the center conductor
as well as a more efficient absorption load are all essential.
A further difficulty is to design a suitable transition from the
input 50 Ω coaxial connector to the ferrite stripline, which has
a high dielectric constant, achieving low reflection coefficients
(S11, S22) over a large bandwidth. Other challenges include
characterizing material properties at cryogenic temperature,
and matching the Coefficient of Thermal Expansion (CTE)
of the different materials to survive thermal cycles.
In this paper, we present our solution to the above design

challenges in Section II. We provide the details of our circuit
design using the genetic optimization algorithm from the
ANSYS HFSS software suite. In Section III we present our
prototype isolator fabrication and measurement results, in-
cluding integration test with a quantum-limited wideband SIS
mixer. A discussion of the applications and future development
will be given in Section IV.

II. EDGE-MODE ISOLATOR DESIGN AND OPTIMIZATION

Figure 1 shows the HFSS model of our stripline edge-
mode cryogenic isolator. Compared with a microstrip design,
a design in stripline is favored for a number of reasons.
First, the stripline design is more compact with smaller strip
size, which is important for damping the higher order volume
modes and achieving high bandwidth. Second, the stripline
is sandwiched between ferrite substrates and metal ground
plates symmetrically. This makes it easier to launch the edge
mode from the coaxial connectors, especially at frequencies
above 18 GHz. Finally, it is easier to apply an external DC
magnetic bias field and isolate the device electromagnetically
and magnetically in the stripline design.

A. Isolator design specification
Our isolator is primarily optimized for the needs of the

wSMA. In order to support operation between 4 and 20 GHz,
we have set forth the following specifications for the isolator:
the reflection coefficient should be below -15 dB over the
entire 4 - 20 GHz band. In the lower part of the band, from
4 to 12 GHz, the insertion loss should be less than 0.7 dB

and the isolation should be greater than 15 dB. In the upper
half band, from 12 to 20 GHz, the specification is relaxed to
allow for practical implementation of the isolator. Over this
frequency range, the insertion loss requirement is relaxed to 1
dB and the target isolation is set to be higher than 10 dB.

B. Choose of parameters
The ferrite substrate chosen is a narrow-linewidth calcium

vanadium doped garnet [18], which has a dielectric constant
of about 14.1. The substrate thickness is 1.0 mm, such that the
thickness of the ferrite substrate for our isolator corresponds to
about λd/4, where λd is the wavelength in the ferrite material
at the highest operation frequency. Although thick substrates
invariably lead to higher order modes, thinner ferrite substrates
are very fragile and prone to cracking, and additionally, the
width of the input stripline becomes impractically narrow. The
performance of the isolator does not depend strongly on its
length. We chose a ferrite substrate length of 40 mm. The
ferrite width is a variable to be optimized. The low frequency
bound of the operational band of an edge-mode isolator is
limited by the natural resonance in ferrite material [8], which
dictates

f >
2

3

γ

µ0

(4πMs), (1)

where γ/µ0 = 28 GHz/T is the gyromagnetic ratio and 4πMs is
the saturation magnetization of the ferrite material. Therefore,
if the isolator is to operate down to 4 GHz, the ferrite material
is required to have a saturation magnetization of no more
than 0.22 T. After applying a DC bias magnetic field (H),
the internal magnetic field (Hi) is attenuated by the saturation
magnetization of the ferrite material according to:

Hi =

{

0 if (H ≤ 4πMs)

H − 4πMs if (H > 4πMs).
(2)

Note that H is the applied magnetic flux density rather than
magnetic field strength. In this paper, H and Hi are measured
in units of T rather than A/m. In order to avoid DC field loss at
low frequencies, the external magnetic bias has to be relatively
weak. For our design, we have Hi/(4πMs) < 0.5.

C. Isolator circuit optimization
Our isolator stripline layout follows the conventional design

from Hines [1]. As shown in Figure 2, the length of the circuit
(l) is 40 mm, and the width (w) is a variable to be optimized.
The curved tapers are parameterized as two identical quarters
of ellipses with semi axes a and b. The bottom width of
the stripline circuit, sitting on top of the absorber, is defined
as x. The width of the circuit, h, measured between the
bottom width and the top edge of the strip, is the fourth
parameter in the optimization. At the input and output ports,
the circuit is designed to be a 50 Ω stripline. For 1.0 mm
thick ferrite substrate, its width is ws = 250 µm. It follows
that a = (l−x)/2 and b = h−ws. Since the HFSS simulator
does not support excitation ports which are in contact with
ferrite material, dielectric spacers that share the same dielectric
constant with the ferrite material are placed between the ferrite

Forward 
Wave 

Reflected 
Wave 

•  Under DC magnetic field, RF current on 
ferrite stripline is displaced laterally, and 
becomes concentrated along the edge -- 
Edge-mode. 

•  By adding appropriate absorbing 
material, the reflected wave can be 
removed.  
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L. Zeng et al, “A low-loss edge-mode isolator with improved bandwidth for Cryogenic operation,” IEEE Trans. 
Microwave Theory & Techniques, 2018. DOI: 10.1109/TMTT.2018.2799574 

Assembly Photo of SMA Wideband Isolator 



Performance	of	Wideband	Isolator	at	4	K	

•  Insertion Loss <-1 dB for 4 - 17 GHz, 
rising to 1 - 1.5 dB for 17 - 22 GHz 

•  Isolation < -15 dB for 4 - 13 GHz, 
rising to 10 - 13 dB above 13 GHz 

•  Input & Output Match  < -15 dB 

Bias Port 

Match 

Isolation 

Insertion Loss 
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Grounding	of	Mixer	Chip	
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•  Grounding of mixer chip may introduce extra 
inductance (Lgnd) to the IF circuit. 

•  The extra load reactance may offset Cmixer, sum 
of junction & tuning circuit capacitances. 

•  Peak IF response of mixer occurs at resonance 
between Lgnd and Cmixer 	
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•  Peak IF response predicted at ~12 GHz 
•  Sideband ratio is within 1 dB, except at high LO 
•  DSB Conversion Gain is sum of USB & LSB Gain 
•  GSSB = 0 dB translates into GDSB = +3 dB 
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Laboratory	Results	
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= 2.95 

•  Ripples in Trx Vs IF is linked to the 15 cm long coaxial 
cable between isolator and SIS mixer. 

SMA Cryo + LNF 6 - 20 GHz LNA 
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Performance	of	Receiver	Inserts	in	Field	

•  Trx data taken in lab but with full SMA optics 
•  Receiver noise @ 16 GHz IF is typically 40% higher than 

at 10 GHz. 
•  More noise ripples seen above 12 GHz IF due to poorer 

match. 

                 LNF-LNC4_16A s/n 344B 
     4-16 GHz Cryogenic Low Noise Amplifier                                                         
                                                       
 

                                                                       

   
                    Low Noise Factory • www.lownoisefactory.com • info@lownoisefactory.com 

 

Measured data, Tamb=9 K 
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•  Quinstar 4 - 14 GHz Isolator  

•   LNF 4 - 16 GHz amplifier 
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Implementation	of	wider	IF	design	into	SMA	operations	

•  Replace existing SMA-200 mixers with new wSMA mixer chips. 

•  Use wider band LNA from LNF as first stage IF amplifier: 
      LNC4_16B  covers 4 - 16 GHz (used already in many SMA Rx) 
      LNC6_20C  covers <6 - 20 GHz (target LNA for future wSMA cryostat) 

•  Remove 2nd stage 12 GHz amplifier from inside cryostat. 

•  Introduce slope equalization in IF system. 

•  Replace old fiber transmitters. 

•  Add 12 - 16 GHz Block down-converter.   

•  Add SWARM Q5 and Q6 (Q5: 12-14 GHz; Q6: 14-16 GHz) 

 
SMA will be operational with 4 - 16 GHz IF  
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Remove	 Increase	gain	
Slope	equalization	
Performance	check	

Replace	older	Tx	
Performance	check	

New	12	-	16	GHz	
down	converter	

Q5	and	Q6	

Upgrade	Pathway	to	4	-	16	
GHz	Operation	

Replace	Quinstar	
4-14	GHz	Isolator	in	

future	



Removal of 2nd Stage Cryo amp (Limiting us to 12 GHz) 

OLD	 NEW	

New LNA from LNF has higher gain (>35 dB). No need of 2nd stage cryogenic amp 

Two sets of New 2nd Stage plates have been prepared. 

We plan to replace two cryostats each round. Outgoing plate and power splitters will be 
recycled. 

Weinreb 
1- 12 GHz 
amplifier 



Status	of	wSMA	16	GHz	Upgrade	(June	2018)	

Antenna	 2nd	Stage	Plate	 200 Rx Upgrade 300 LNA Upgrade IF Processor 

1	 X X X X 

2	 X X ASIAA X 

3	 X X ASIAA X 

4	 Yes Missing magnet X Yes 

5	 Yes Yes Yes Yes 

6	 X X X X 

7	 Yes Yes Yes Yes 

8	 Yes X Yes Yes 
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2017 

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec 

2018 

wSMA	Planning	for	2018	as	of	06/29/2018	

Cryostat Bidding Cryostat Design & Construction 

Rx Assessment 

Upgrade of Rx + 2nd 
Stage Plate + BDA Rx 16 GHz ready 

Acquisition SWARM hardware 
+ Infrastructure Development 

Installation SWARM Q5 and Q6 

Site test of RPI controlled 240 GHz LO Development 

Q5 and Q6 Tests + 
Software 

FO Planning & Test 

BDC Study + Bidding  Vendor building BDC 
 Testing of units. 

Installation of BDC 
for Q5 and Q6. 

Software	Organization.	RaspberryPi	Tests	

Installation & Commissioning Prototype	

4 antennas upgraded 

RPI LO 
Scanning 

Spectrometer	

SWARM 

Block Down 
Converter 

(BDC)	
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Technological	Developments	
associated	with	wSMA	

•  Scanning Spectrometer 
•  Raspberry-Pi based Controllers 
•  Silicon based waveguide components  
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Scanning	Spectrometer	

RF Input  

Detector  

DC x1000 
amplifier 

Rpi Stack 

YIG-tuned 
Filter 

RF amplifier chain 
 + Digital Attenuator 

•  To provide Tsys measurement as a 
function of IF (currently a single value of 
Tsys is logged) 

•  Useful for system diagnosis 
•  Able to observe atmospheric ozone lines. 
•  Resolution of YIG filter: ~30 MHz 
•  Scan Time: ~0.5 s 

•  Prototype installed in antenna 7. 
•  Awaiting reorganization of network to 

synchronize with other real time 
components. 

•  Two more units to be installed in fall 
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T E C H N I CA L  H I G H L I G H T S

SCANNING SPECTROMETER 
FOR SMA RECEIVERS
Edward Tong (CfA), Steve Leiker (CfA), Robert Wilson (CfA)

As the SMA increases its bandwidth of operation, there is a need 
to provide system temperature measurement (Tsys) as a function 
of the IF. At present, there is a single continuum detector serv-
ing each receiver in the SMA antenna. This detector measures 
the total power in the IF system. During a calibration cycle, an 
ambient load moves into the beam, and the receiver output pow-
er is recorded by the detector, as Pamb. Once the calibration load 
moves out, and the receiver is pointing to the sky again, a Y-fac-
tor, corresponding to the ratio of Pamb to Psky, is computed. Tsys for 
each receiver is derived from the Y-factor. With a 4-12 GHz IF, 
the present values of Tsys recorded by the SMA turn out to be a 
gain-weighted average across the IF band. Since the receiver sen-
sitivity generally varies across the IF band, and more importantly, 
the receiver gain rolls off significantly towards 12 GHz, the cur-
rent SMA Tsys is more representative for low IF. In this article we 
describe a simple scanning spectrometer which provides much 
higher frequency resolution.

The schematic of the spectrometer is given in Figure 1. The heart 
of the spectrometer is a 2-26 GHz YIG-tuned filter fitted with an 
analog current driver, which enables the filter to be tuned to any 
frequency between 2 and 26 GHz by applying a tuning voltage, 
Vtune. The current driver provided by the manufacturer ensures 
that the filter center frequency varies linearly with the tuning 
voltage. The 3-dB bandwidth of the filter is about 25 MHz, and 
its response time is specified as 2 ms per 1 GHz step. In our spec-
trometer, the filter is stepped at 25 MHz steps, at a speed of ~800 
Hz. Thus, to fully sample the frequency space of 2-20 GHz, a total 
of 720 steps are needed, giving a scan time of close to 1 second.

Referring to Figure 1, an RF amplifier is placed at the input of 
the spectrometer to boost the power it receives. This is required 
because the passband of the filter is substantially less than 1% of 
the total receiver bandwidth; such that the power transmitted by 
the filter is less than 1% of the input power to the spectrometer 
for a flat input power spectrum. A 1-26 GHz power detector is 
placed at the output of the filter to convert the RF signal into a DC 
voltage. The detector output is amplified by a DC amplifier with a 

gain of 1000, to generate Vdet before feeding into an analog-digital 
converter.

The entire spectrometer is controlled by a Raspberry Pi micro 
computer which is conducted through an interface board mount-
ed on top of the Pi. The Pi is in turn connected to the local area 
network (LAN) inside the antenna. The software used to trigger 
the scans and store the measured data is written in Python.

A prototype scanning spectrometer was installed in antenna 4 
in early December. Some preliminary tests have been performed. 
Figure 2  is a plot of the Y-factor recorded during the test, illustrat-
ing the per channel power ratio between the ambient load and the 
sky. A Y-factor of 4.6 corresponds to a Tsys of around 75 K, which 
reflects good receiver operation for an SMA antenna pointing at 
60 degrees elevation. The plot reveals the presence of a number of 
ozone lines, seen as spikes around IF of 5.1, 5.9 and 7.0 GHz. The 
spike near 7.3 GHz is due to a leakage inside the receiver package. 
The Y-factor data for the SMA-200 receiver is marked by a ripple 
with a period of ~1 GHz. This is most likely caused by a standing 
wave between the SIS mixer and the isolator preceding the low-
noise amplifier. While both receivers show roll-off in sensitivities 

Figure 1: Simplified schematic of the scanning spectrometer.

4
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Raspberry	Pi-based		Controllers	
Raspberry Pi Stack 

POE Board 
(Power on 
Ethernet) 

Daughter & 
Grand-daughter 
Boards for IO 

USB 
Ports 

•  Low cost compact Linux computer allowing 
efficient analog & digital I/O interface thru add-
on boards 

•  Very useful as distributed controllers, remotely 
accessible through its ethernet port. 

Ethernet	

USB	

USB	

Ethernet	

USB	

USB	

Raspberry Pi model 3b+ showing 
various connectors plus the top 40- pin 

GPIO connectors 

HDMI	
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Testing RPi on Mauna Kea 

•  We power the RPi  with a PoE (Power on 
Ethernet) board. 

•  PoE removes the necessity of an external 
power supply & UPS for the RPi and it allows 
remote power cycling through the PoE 
switch. 

•  Remote booting simplifies management since 
we could have as many as 8 RPi in each 
cabin. 

•  We have run batches of RPi (Pi Patches) on 
Mauna Kea for more than a year, with a 
cumulative up time of ~4 Pi year without 
failure. 

Latest	Pi	Patch	to	be	tested	on	Mauna	Kea	with	
the	final	hardware	configuration.	



Distributed	wSMA	Receiver	
Control	system	based	on	Arrays	
of	RaspberryPI	Controllers	

•  “RaspberryPIs in the wSMA” poster 
by Paul Grimes & Ram Rao 

•  Rao, Grimes, Leiker et al, “The 
Submillimeter Array needs some 
Raspberry Pis!!” in SMA Newsletter 
July 2018 

•  A RPi group led by Ram is laying 
down the ground work for future 
wSMA control system. 
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Development	of	Silicon	Technology	for	wSMA	

•  High resistivity silicon has low losses up to THz frequency range. 

•  Processing of silicon micro-structures is a mature technology. 

•  Silicon chips with µm thickness can be manipulated easily. 
 
•  Joint development with ASIAA, using their nanofabrication capability. 
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Design and Measurement of a Waveguide Probe 
Based WR3.4 Optically Controlled Modulator 

Jake A. Connors1*, C.-Y. E. Tong2, Paul K. Grimes2, A. Gebreyohannes3 and Lei Liu4 

1Physics Department, Harvard University, Cambridge, MA 02138 
2Smithsonian Astrophysical Observatory, Cambridge, MA 02138 

3Center for Nanoscale Systems, Harvard University, Cambridge, MA 02138 
4Electrical Engineering Department, Notre Dame University, Notre Dame, IN 46556 
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Abstract— Presented is the design and measurement of an 
optically controlled modulator implemented in waveguide at 
WR3.4. The symmetric device consists of offset input and output 
waveguides bridged by a microstrip transmission line with 
radial waveguide probes patterned onto a thin silicon chip. 
Optical illumination of the chip at photon energies larger than 
the silicon bandgap generates free charge carriers in the silicon 
substrate, modulating its conductivity and dielectric constant. 
This photoconductive effect allows for the modulation of the 
millimeter-wave loss along the microstrip transmission line. 
Initial testing of the device has demonstrated up to 40dB of 
attenuation, with less than 1.5dB insertion loss in the off-state. 
A modulation bandwidth of 2MHz has been demonstrated, 
indicating a sub-100ns fall time when operated as a fast switch. 

INTRODUCTION 
The control and modulation of millimeter-wave source 

power is crucial to many applications from radar to antenna 
mapping to network analysis. Mechanically actuated variable 
attenuators, ferrite modulators or pin-diode attenuators can 
provide such control, however it comes at the cost of slow 
modulation speeds, narrow operating bandwidth or poor off-
state insertion loss. Optically controlled modulators, 
however, can provide fast wideband modulation with wide 
attenuation range and low off-state insertion loss. The 
implementation of optically controlled devices has varied, 
from modulators built in dielectric waveguide[1,2] and 
dielectric loaded metal waveguide [3-5], quasi-optical 
modulators and beam-formers[6-9], ultrafast switches and 
programmable attenuators in planar transmission line[10-
13], and photonic-bandgap switches[14]. We implement an 
optically controlled modulator/continuously variable 
attenuator in WR3.4 (220-330GHz) as a short section of 
microstrip transmission line bridging offset symmetric 
input/output waveguides. The microstrip line is terminated 
on both ends with a radial stub transition to WR3.4 
waveguide, allowing modulation of the device insertion loss 
through optical illumination of the microstrip line where the 
electric field is concentrated and less frequency dependent 
than in waveguide.  

FABRICATION AND BLOCK DESIGN 
As shown in Figure 1, the device consists of a 25µm thick 

silicon chip bridging two offset rectangular waveguides. The 

chip is patterned with a 50Ω microstrip transmission line 
terminated on either end by a single-ended radial stub 
transition to WR3.4 waveguide[15,16]. The waveguide 
block, shown in Fig. 2b, was fabricated from Tellurium-
Copper as an E-plane split block. A shallow trench in the 
lower waveguide block contains the probe chip, as seen in 
Fig. 2a. In the upper waveguide block, an air cavity sits above 
the microstrip line and constrains the silicon chip to sit within 
its trench when assembled. The probe chip was fabricated 
with simple photolithography to define deposition and etch 
masks, thermal evaporation for Cr/Au deposition and Bosch-
process[17] deep reactive ion etching to free the barbell 
shaped chip from the parent wafer. The dimensions of the 
probe chip and the cavity above were chosen to make all 
higher-order and waveguide-like modes in this transmission 
line evanescent below 330GHz and thus not contribute to the 
coupling between waveguides. The radial stub transition with 
a single capacitive tuning step was designed and optimized 
in ANSYS HFSS[18] to achieve a better than -26 dB return 
loss across the entire WR3.4 band. With back to back 
transitions, this results in a better than -20dB device input 
return loss, which can be seen in the black dotted line of Fig. 
3b. 

Fig. 1 A view of the microstrip-to-waveguide probe chip as 
installed in the E-plane split block. Also visible are the 
WR3.4 waveguides each with a single capacitive tuning step. 
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crystal lattice at the surface. The surface recombination time 
for a wafer with similar surfaces is given by [20,21]: 

         𝜏௦ =  ℎ
2𝑠௩

ൗ + ℎଶ
𝜋ଶ𝐷ൗ                 [3] 

where h is the thickness of the wafer. The first term in Eqn. 3 
represents the time necessary for a charge carrier to 
recombine once it has reached the surface, parameterized by 
𝑠௩ , the surface recombination velocity. This parameter is an 
empirical measure of the density of surface defects which is 
dependent upon the exact details of surface preparation and 
passivation. The second term represents the average time 
required for a charge carrier to diffuse to the surface, 
parameterized by D, the carrier diffusion constant. Using the 
known value for D in silicon at room temperature of 
27𝑐𝑚ଶ/𝑠, the surface lifetime of a 25µm thick wafer can be 
estimated to be at least 24ns, but is ultimately determined by 
the surface recombination velocity. In the following sections, 
we therefore do not assume a carrier lifetime, but attempt to 
estimate it through various measurement techniques. 

TRANSMISSION MEASUREMENTS 
Measurements of the device were performed in waveguide 

over the WR3.4 band (220GHz-330GHz) using a coherent 
source/ receiver setup as shown in Fig. 4. The RF source is 
an amplifier-multiplier chain driven by a signal at 𝑓ோி/9 
producing upwards of -5dBm of power across the WR3.4 
band. A cross-guide coupler/harmonic mixer at the output of 
the RF source allows the amplitude and phase of the RF 

signal to be monitored. The signal then passes through the 
device under test and is detected in a final harmonic mixer. 
Local oscillator (LO) signals are provided via a power splitter 
to both harmonic mixers by a common signal generator. The 
LO harmonic number and power were optimized for each 
frequency point to maximize the dynamic range of the 
system. The 20MHz IF signal from both the reference and 
thru harmonic mixers are then amplified and fed into an HP 
Vector Voltmeter (VVM) which measures the relative 
amplitude and phase of the two signals. In the operating 
regime of our measurement setup, the harmonic mixers, 
amplifiers and VVM are linear with respect to the RF signal, 
so the IF signals are both linearly related to their RF 
counterparts allowing a relative amplitude and phase 
measurement of the device under test. In the limit that the 
device under test and harmonic mixers are perfectly matched, 
the resultant measurement is exactly calibrated by taking a 
set of reference measurements without the device under test. 
This is not true in practice, so a set of adjustable-vane 
attenuators are placed before and after the device under test 
to improve the system match.  

Measurements of the insertion loss of the device without 
optical illumination are shown in Fig. 5. This measurement 
was calibrated by taking the ratio of measurements 
performed with and without the device in the measurement 
system. The insertion loss varies between 1 and 1.5 dB across 
the WR3.4 band. Time domain gating was performed using a 
gate the electrical length of the entire waveguide block to 
systematically smooth the data. 

Fig. 6 Measurements of device insertion loss (left) and phase shift (right) versus incident optical power at 808nm for several 
frequencies across the WR3.4 band. HFSS modelling predicts a linear relationship between conductivity and insertion loss, which is 
seen for low incident power.  
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•  Insertion Loss: 1 - 1.5 dB 
•  Response Time ~ 1 ms 
•  Laser DC power ~ 0.3 W for 100 mW 

optical power 
•  Will be used as in wSMA LO power 

control.  

Illumination of the probe chip is achieved using a laser 
diode and two-lens focusing system built into the waveguide 
and upper laser diode block, as shown in Fig. 2b. An 808nm 
multimode laser diode with up to 1W continuous output 
power was used for initial testing. The laser diode 
wavelength was chosen such that the absorption depth of the 
light impingent on the silicon chip was approximately half 
of the chip’s thickness. This allows for carrier generation 
distributed throughout the thickness of the chip while 
keeping total absorption near 99%, discounting reflection 
from the air/silicon interface. We operate the laser diode 
using a current source to provide stable output power and to 
avoid the effects of thermal runaway in the diode. The laser 
diode is clamped into place in the upper block, allowing for 
sufficient alignment and heatsinking. A thread mounted 
aspheric lens was built into the same block as the laser diode 

and serves to collimate the laser diode output. The second 
aspheric lens, built into the waveguide block, focuses the 
light through a small aperture leading to the microstrip cavity, 
where the light can illuminate the center of the probe chip as 
shown in Fig. 2a. The two blocks are aligned with precision 
dowels to roughly center the optical beam. Because the 
optical beam is collimated between the two blocks, the upper 
block can be replaced with any collimated light source. The 
position of the lenses were tuned to maximize optical 
throughput as measured by an optical power meter, achieving 
nearly 50% coupling of the available optical power to the 
probe cavity.  

DEVICE OPERATING PRINCIPLE 
Optical illumination in a concentrated area of the 

microstrip transmission line modulates the bulk silicon 
substrate conductivity, leading to loss in the microstrip line. 
In this way the attenuation of the device can be controlled 
using the intensity of absorbed optical power. Simulations of 
the full device insertion loss and return loss are shown in 
Figure 3, as modelled by HFSS, for varying substrate 
conductivities. In these models, it is assumed that a 200µm 
long section of the microstrip line is illuminated and becomes 
conductive uniformly through the thickness of the chip. This 
model predicts that the insertion loss in dB increases nearly 

Fig. 3 Insertion loss (top) and return loss (bottom) of the full device as 
modelled by ANSYS HFSS for varying levels of substrate conductivity. 
It is assumed that illumination only changes the conductivity over a 
200µm long section of the silicon probe chip.  

Fig. 2 (Top) View of probe chip as assembled in the waveguide 
block. Light passes through a small hole in the upper cavity onto 
the chip. (Bottom) Completed assembly of waveguide split-block 
and laser diode block. Shown in red is the beam of the 808nm 
laser diode as collimated and focused by the two-lens system. 
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Orthomode	Transducer	(OMT)	Based	on	Si	Chip	

HFSS Model 

HFSS 
Simulation Photo of OMT Chip Polar #1 ON 

Polar #2 
OFF 

•  New wSMA Rx will use a waveguide OMT 
to separate the 2 polarizations 

•  Design tested in a 10 GHz scaled model 
•  25 µm thick Si chip for 280-360 GHz 
•  Design with HFSS 
•  Isolation between polarizations > 25 dB 
•  Chips fabricated. Handle is easy 
•  Waiting for testing fixture. 
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Silicon	Based	LO	Coupler	
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•  Level of coupling can be adjusted by changing chip 
•  Machining tolerances are more relaxed.   
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