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Abstract 
The Meissner Effect Transistor (MET) is a new device concept with the potential of 

revolutionizing high-speed computing and communication systems. Essentially all radios, 

telephones, and computers utilize conventional semiconductor transistors. The operation 

of conventional transistors is based on modulating the conductivity within a semiconductor 

by the application of an electric field. The speed and complexity of semiconductor 

transistor networks is limited by the mobility of charge carriers and the subsequent heat 

produced within the substrate. The MET has a complementary device architecture within 

which the conductivity of a superconducting bridge is modulated by an applied magnetic 

field by way of the Meissner Effect. The speed of an MET is only limited by the 

recombination time of Cooper pairs within the superconductor. Being a superconductor, 

there is no Ohmic heating to limit the density to which METs can be packed, potentially 

allowing the realization of far more powerful CPUs than is currently possible. The speed 

of the MET also holds the potential of enabling the realization of terahertz amplifiers and 

oscillators for use in ultra-wideband communication systems1. 

In this body of work, an analytical model is developed using superconductor theory and a 

Field Effect Transistor (FET) small signal model. The upper cut-off frequency of MET is 

derived by determining Cooper pair relaxation time. The noise model is determined by 

defining noise parameters based on FET equivalent small signal circuit. An analytical 

model, simulation results, and typical parameters of superconducting bridge are then used 

to derive theoretical magnetic amplification, followed by detailed discussion on design, 

and fabrication of test setup, and results.  

The Orbiting Astronomical Satellite for Investigating Stellar Systems (OASIS) is a 

proposed space telescope with a 14 m inflatable primary reflector that will perform high 
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spectral resolution observations at terahertz frequencies with heterodyne receivers. The 

telescope consists of an inflatable metallized polymer membrane that serves as the primary 

antenna, followed by aberration correction optics, and a scanner that enables a 0.1 degrees 

Field of View while achieving diffraction limited performance over a wavelength range 

from 63 to 660 ɛm. This work covers the optical design of the telescope, parametric 

analysis of solution space, and metrological solutions for characterizing the surface profile 

of inflatable membrane optics. Terahertz receiver systems, receiver architecture and optical 

design are also discussed. 
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Chapter 1: Meissner Effect Transistor (MET) - Theory of 

Operation 
 

1.1 Introduction  

A standard Field Effect Transistor (FET) has 3 ports formed by metallic electrodes 

deposited on a semiconductor substrate (see Figure 1). These ports are the gate (G), source 

(S), and drain (D).  During fabrication impurities are added to the substrate to create a p or 

n-type conducting channel between S and D. The application of a DC voltage across S and 

D, 
DS

V  establishes an electric field DS
E and allows current to flow between the two ports. 

A time varying electric field applied to G modulates the conductivity in the underlying 

channel exponentially, i.e., small changes in the time varying gate voltage can cause large 

variations in the channel conductivity s. Since the current density J  in the channel 

depends directly on the product of the channelôs conductivity and the relatively large value 

of DS
E  set by DS

V , the time varying input signal on G appears as an amplified signal on S.  

The optimum operating point for the FET is obtained by applying the appropriate DC 

voltages to each port.  

The theory of operation for a Meissner Effect Transistor (MET) is analogous to an FET, 

except the óchannelô is a thin superconducting bridge and the gate electrode is replaced by 

an oscillating magnetic field that modulates the bridgeôs conductivity also in a nonlinear 

manner (see Figure 2). The greatest gain (or sensitivity) occurs when the bridge is 

magnetically or thermally biased near the point of going normal. 
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Figure 1. Operating principle of a conventional FET. A time varying electric field applied at the gate 

electrode (G) modulates the conductivity of the underlying doped channel in the semiconductor. 

 

 

Figure 2. Operating principle of an MET. A time varying magnetic field applied at the gate electrode 

(G) modulates the conductivity of the superconducting bridge. 

1.2 Brief Overview of Theory of Superconductivity 

Superconductors are made by forming Cooper pairs between electrons. The electrons in a 

Cooper pair have opposite (antiparallel) spins. Magnetic fields work to align the electron 

spins. Therefore, as a material makes the transition from normal to superconducting state, 

it excludes magnetic fields from its interior - the Meissner effect. Similar to the skin depth 

effect of an electric field on the surface of a conductor, the strength of the magnetic field 
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B  decays exponentially as it enters the superconductor. The London Equation relates the 

curl of the current density J  to the magnetic field: 

 
2

0

1

L

J B
m l

Ð³ =- , (1) 

where, 

 

1/2
2

0

2L

mc

ne

e
l

å õ
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. (2) 

L
l  = London penetration depth, the distance required for the incident magnetic field to 

decay by e/1 . 

n  = Superconducting electron density. 

0
e = Permittivity of free space. 

m  = Atomic mass. 

e = Charge of an electron.  

The coherence length 0x of a superconductor is the binding distance between Cooper pairs 

and (to first order) marks the thickness over which the transition between a 

superconducting and non-superconducting state can be made.  is inversely related to the 

superconducting bandgap energy and critical temperature  of the material. The higher 

the , the more tightly bound are the electrons in a Cooper pair. 

In a Type I (where 0x l> )  superconductor magnetic fields applied parallel to the surface 

are excluded completely up to a critical field value of c
H . Above this value the field has 

sufficient strength to parallelize electron spin vectors, thereby breaking Cooper pairs and 

driving the material out of the superconducting state.  Fields applied perpendicular to a 

0
x

g
E c

T

c
T
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Type I superconductor can have effective internal values, 
1c

H , far higher than the applied 

field. The extent of the field enhancement is a strong function of the shape of the 

superconductor, with values ranging from 1.5 for a sphere to orders of magnitude for a thin 

plate with a magnetic field normal to the surface.  For fields between 
1c

H and 
c

H  the 

superconductor is in an óintermediate stateô, with alternating superconducting (S) and 

normal (N) domains. Magnetic fields pass through the N domains and are excluded (by the 

Meissner effect) from the S domains. As the applied field approaches c
H  , a higher 

percentage of the material is in the N domain, until above c
H  no material is left in the S 

domain2. The value of c
H

 
is a function of temperature as described by 

 

2

(0) 1
c c

c

T
H H

T

è øå õ
é ù= -æ ö
é ùç ÷ê ú

. (3a)          

Type I superconductors have only one c
H . Type II superconductors (where 0

x l< ) have 

two critical field values: 
1c

H , at the onset of a ómixed stateô of superconductivity, and 
2c

H

, where the B-field is strong enough to destroy all superconductivity, 

 
1
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2

c

c

H
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k
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=æ ö
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, (3b) 
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2
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where 
0

Lk
l

x
=  . 

The mixed state of superconductivity is different than the intermediate state described 

above. In a Type II superconductor, the surface energy is negative and favors breaking up 

of the S and N domains into microscopic dimensions. The magnetic field penetrates the 

superconductor in the form of magnetized vortices and the N domains take the form of 
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tubes of radius 
0
x.  Each vortex contains one flux quantum 

15

0
2.07 10  Wb

2

h

e
f -= = ³ . On 

a macroscopic scale the magnetic field appears to penetrate the entire superconductor2. 

However, for applied field values below
1c

H , Type II material behaves much like Type I 

material and the magnetic field is excluded through the Meissner Effect. 

Type I superconductors are better suited for MET applications due to the sharp cut-off 

between the normal and superconducting states. But due to the limited funding, and the 

availability of a Hot-Electron Bolometer (HEB) mixer with a Type II (Niobium Nitride) 

superconductor bridge at no extra cost, this body of work is based on Type II 

superconductors. 

1.3 Modulating the Conductivity of a Superconducting Bridge 

The formation of Cooper pairs causes the superconducting material to become more 

ordered, thereby causing its entropy to decrease rapidly as the temperature drops below c
T

. The reduction in entropy is reflected in the drop of free energy density S
F  in the 

superconductor as it continues to cool. As discussed above, Cooper pairs can be broken by 

the application of a magnetic field. The greater the value of the applied magnetic field, a
B  

the more Cooper pairs are broken and the more S
F  is restored.  As the value of aB  increases 

to the critical value c
B  for the superconductor, the electrical conductivity, e

s  of the 

material decreases and S
F  becomes N

F , the normal free energy density of the material. 

 1
n

e
S

F
s

å õ
´æ ö
ç ÷

, for a c
B B< . (4) 

In a thin film superconducting bridge of thickness d at 0T K=  with2 L
d l<< , 
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 ( ) ()
( )2 2 2

2

4
, 0

64

a

S a S

L

x B
F x B U

d

pl

-
= + . (5) 

Here the x -axis is perpendicular to the film plane, 0x=  is at the center of the film (see 

Figure 3), 
a

B is parallel to the film, and ()0S
U  is the film internal energy at zero 

temperature and field. 

 

Figure 3. Superconducting bridge coordinate system3. dis the bridge thickness. 

The magnetic contribution to 
s

F
 
when averaged over the film thickness is  

 2 21
( / )

96
S a L

F B d l
p

= , (6) 

substitution into Eq. (4) yields 

 

2

2 2

96 1
n

L

e

a
B

pl
s

d

å õå õ
´æ öæ öæ ö

ç ÷ç ÷
. (7) 

In the thin superconducting bridge, the value of c
B

 
is scaled by the factor ( /

L
l d). 

 B L

c c
B B

l

d
= . (8) 

When 
B

a c
B Bº  the superconducting bridge goes normal and behaves as a resistor. In terms 

of FET operation this would be analogous to the ópinch-offô condition.  Under this 

condition, e N
s s­ and the expression for the bridge conductivity is 
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96 1

( / )

n

L

N

c L
B

pl
s

d l d

å õå õ
´æ öæ öæ ö

ç ÷ç ÷
. (9) 

Taking the ratio of (7) to (9) and solving for
e
swe find 

 

22
n

cL

e N

a

B

B

l
s s

d

å õå õå õ
æ ö= æ öæ öæ öç ÷ç ÷ç ÷

. (10a) 

Since in MKS units
0

B Hm= , the above expression can also be written in terms of the 

magnetic field intensity. Assuming the relationship between e
s  and s

F is linear (n = 1) in 

the vicinity of c
H , Eq. (10a) reduces to 
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cL

e N

a

H

H

l
s s

d

å õå õ
= æ öæ ö

ç ÷ç ÷
. (10b) 

The above expression describes the conductivity in a Type I superconducting bridge with

a c
H H¢ .  By substituting 

1c
H  for c

H , the above expression can also be used for a Type 

II superconducting bridge. 

Electrical conductivity can have both a real, 1s  and imaginary, 2
s  component; 

1 2e
js s s= + . As a function of temperature, T , the imaginary component varies as4  

 2
1

c

T

T
s

å õ
´ -æ ö
ç ÷

, for c
T T< , (11a) 

 2
0s = , for c

T T² . (11b) 
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For the applications discussed here the bridge is electrically, thermally, and/or 

magnetically biased close to the transition region of the superconductor, therefore 

we assume 
2
s  is negligible. 1.4 MET Current - Voltage Characteristics 

The current density through the bridge BJ is equal to the product of its conductivity 
e
s and 

the value of the electric field B
E across it, 

 
B B

e
J Es= . (12) 

Assuming the geometry shown in Figure 4, the drain-source current DS
I  in the bridge is 

given by 

 B B DS

DS e e

V
I J A E A A

L
s s

å õ
= = = æ ö

ç ÷
,

 

where A Wd= . (13) 

Substituting Eq. (10b) into Eq. (13) yields the following expression for DS
I , 

 

2
2

cL

DS N DS

a

HW
I V

L H

l
s
d

è ø
= é ù

ê ú
, where 0

c a
H H> >. (14) 

In the large field limit ( )a c
H H> , e N

s s­
 
and (13) reduces to Ohmôs Law, 

 1 DS

DS N DS DS

VA A
I V V

L L R
s r-
å õ å õ

= = =æ ö æ ö
ç ÷ ç ÷

, (15) 

Where r is the bridge resistivity (W- m), and R  is the bridge resistance (W). 
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Figure 4. MET geometry. A time varying magnetic field (
a

H ) applied at location G modulates the 

conductivity of a superconducting bridge with width W, length L, and thicknessd. D and S refer to 

the drain and source connections. 

Eq. (14) shows that the relationship between 
DS

I and 
a

H is parabolic, analogous to the 

relationship between 
DS

I and the gate voltage 
G

V in a conventional FET. This similarity 

suggests the gain characteristics of MET will also be analogous to those of FET. 

1.5 MET DC Small Signal Model 

A linear small signal model for an MET can be derived using the same approach as is used 

for a FET5.  From Eq. (14) we find that the small signal drain current,D
i , is a function of 

both the small signal drain voltage, DS
v , and the magnetic field applied to the bridge, a

H

.  

 ( ),
D a DS

i f H v= . (16) 

If both a
H  and DS

v  are varied, the change in drain current is given approximately by the 

first two terms in Taylorôs series expansion of Eq. (16), 

 

DS a

D D

D a DS

a DSV H

i i
i H v

H v

µ µ
D = D + D

µ µ
. (17) 

Using small signal notations, D d
i iD = and DS ds

v vD = , Eq. (20) can be rewritten as 

 
1

d m a ds

d

i b H v
r

= + , (18) 

where 

 

DS DS DS

dD D

m

a a aV V V

ii i
b

H H H

µ D
= º =
µ D

 (19) 
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is the magnetic transconductance. The magnetic drain resistance 
d

r  can be defined as 

 

2

2

1

a a a

DS DS ds a

d

D D d N L ch H H

v v v HL
r

i i i W H

d

s l

å õµ D
= º = = æ ö
µ D ç ÷

. (20) 

  

Figure 5. Small signal Equivalent circuit for an MET. 

1.6 Phenomenological Model of Magnetic Amplification Factor  

Consider a slab of superconducting material with volume 3

L L
Vl l=  such that 

L
L W d l= = =. The MET is biased at 0bias bias

B Hm= . The equivalent MET gate current, 

Gate
I
l

 generated for an applied magnetic field sig
H  is given by 

 Gate sig L
I Hl l= ³ . (21) 

For a superconducting bridge with volume Bridge
V L W d= ³ ³, the fraction of 

L
Vl  with 

applied magnetic field penetration is 

 
3

L

Bridge

L

V L W
N

Vl

d

l

³ ³
= = . (22) 
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Analogous to FET, the magnetic amplification factor M  can be defined as the ratio of 

change in drain current to the applied equivalent gate current. 

 DS

Gate

I
M

N I l
D

=
³

. (23) 

The magnification factor is inversely proportional to the volume of the superconductor. In 

case of a thin sheet of superconductor with 
L

d l<< , the magnetic field does not drop to 

zero at the center. This leads to a higher critical field as less energy needs to be expelled. 

Thus, smaller the volume, greater will be the energy difference between superconducting 

and normal state. This results in a higher DS
ID  and consequently an increase in the 

magnetic amplification factor. Type 1 superconductors have a sharp transition from 

superconducting to normal state, making them ideal for constructing high gain MET. 

1.7 Cooper Pair Relaxation Time 

In order to quantify the Cooper pair relaxation time t, we need to investigate the phase 

transition between normal and superconducting states. Phase transitions take place when 

the new state is energetically favored and the relevant thermodynamic energy in this case 

is known as Gibbs free energy given by3 

 0
.G U TS M Hm= - - , (24) 

where,  

G  = Gibbs free energy  

U  = Internal energy of the system 

T  = Temperature  

S  = Entropy 
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M  = Magnetic moment per unit volume 

H  = Applied magnetic field. 

The superconducting material transitions from normal to superconducting phase when the 

temperature is reduced below its transition temperature 
c

T  because the free energy is 

reduced. 

 
sup norm

G G< . (25) 

The energy gap between the normal and superconducting state in the presence of critical 

field c
H  is given by 

 
20

sup
2

norm c
G G H V

m
D= - =- . (26) 

One way of interpreting the above Equation is that for a material of volume V  to transition 

from a normal to superconducting state, the maximum magnetic energy that needs to be 

expelled is the difference in the free energies (i.e., Gibbs energies) between the two states. 

In Type 1 superconductors, when the applied field H  exceeds c
H , the free energy in the 

normal state is less than the free energy in the superconducting state and the material goes 

normal. The transition from normal to superconducting state is relatively sharp. In contrast 

for a Type 2 superconductor the boundary is not well defined. Between 
1c

H and 
2c

H there 

exists a mixed or vortex state (see Figures 6 and 7). In the vortex state, magnetic flux is 

allowed to penetrate the material in the form of discrete flux tubes. This results in the Type 

2 superconductors having greater free energy and, consequently a lower D than found in 

Type 1 superconductors. The Cooper pair relaxation time in a superconductor, o
t, is 

proportional6 to Te
D-

. Therefore, o
tis shorter in a Type 1 superconductor than in a Type 
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2 superconductor. Owing to a shorter Cooper pair relaxation time, it follows that a MET 

made from a Type 1 superconductor will have a faster switching speed than a MET made 

from a Type 2 superconductor.   

  

Figure 6. Magnetic potential energy within Type 1 and Type 2 superconductors as a function of applied 

magnetic field7. 

 
Figure 7. Vortex state within a Type 2 superconductor7. 

From BCS theory, the relaxation time is given by 

 () 1

0 0
0t t e-= , (27) 

where ()0
0t  = Amplitude of relaxation time with zero applied magnetic field, 

0c
T T

T
e

-
= , 

0c
T  = Mean field critical temperature in zero applied magnetic field. 
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Using experimental data ()0o
t  can be estimated as8 

 ()0

0

0
8

B c
k T

p
t = . (28a) 

The Cooper pair relaxation time can be calculated using Eq. (27) and Eq. (28a) as 

 () 1 13

0 0
0 5.03 10  st t e- -= = ³ . 

The Cooper pair relaxation time can also be estimated as8  

 
13

0

0

8.33 10  s
8 ( )

B c
k T T

p
t -= = ³

-
. (28b) 

Using the upper estimate for 
0
t, the upper operating cut-off frequency for MET can be 

calculated as, 

 
12

0

1
1.2 10 Hz 1.2 THz

t
f
t
= = ³ = . 

Using Eq (28b), the Cooper pair relaxation time for lead (Type I) with cT  = 7.19 K is 

4.16×10-13 s which results in a switching frequency of tf = 2.4 THz.   

1.8 Noise Model 

An MET small signal model for defining noise parameters based on FET Equivalent circuit 

is shown in the figure below. 
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Figure 8. MET small signal model. 

Considering the gate current noise is uncorrelated with the drain current noise, the MET 

minimum noise temperature can be given as9 

 

2

min
4

gs

T ds

rf
T T

f r

å õ
= æ ö
ç ÷

, (29) 

where  

f = Operating frequency (Hz) 

T
f = Upper operating frequency limit = 

0

1

t
  

0
t= Cooper pair relaxation time 

T = Device temperature (K) 

2

2

1 a

ds

N L c

HL
r

W H

d

s l

å õ
= æ ö

ç ÷
. 

In a MET, the lag between change in applied magnetic field and drain current is governed 

by the breaking and recombination of Cooper pairs. This lag is defined using effective 

kinetic inductance, 
K

L given by1 

 
2

1

2
tanh

2

sq

K

B

R hl
L

w T T

k T

p

å õ
æ ö

å õ æ ö=æ ö æ öD å õDç ÷
æ öæ öæ ö

ç ÷ç ÷

, (30) 

where  

l = Bridge length 

w = Bridge width 

sq
R = Sheet resistance in non-superconducting state (ɋ/Ǐ) 
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h= Planckôs constant 

TD = ()
0.5

0 1.74 1
c

T

T

å õ
D -æ ö

ç ÷
(Joules) 

(0) 1.76
B c

k TD =  (Joules). 

The effective kinetic inductance can be incorporated into the MET small signal model to 

define 
gs

r  as 

 2
gs k

r fLp= , (31) 

The minimum noise temperature of the MET for a range of operating frequencies is shown 

in Figure 9. At 1.2 THz
T

f = , 
min

120 KT = .   

  

Figure 9. Plot of minimum MET noise temperature vs range of operating frequency. 
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Chapter 2: Design, Fabrication, and Testing of MET 

2.1 Design and Fabrication 

 
Figure 10. SolidWorks model of MET assembly 

 

As part of Phase I, the design and fabrication of the worldôs first Meissner Effect Transistor 

(MET) was completed. As shown in Figure 10, the superconducting bridge block is placed 

at the center of the neodymium toroidal magnet. The superconducting bridge is 

magnetically biased near the point of going normal by sliding the magnet back and forth 

using the positioner mechanism. The entire MET assembly is placed in a helium cryostat 

(see Figure 11). A cryostat is nothing more than a large thermos bottle designed to keep 

things very, very cold (around 4.3 K). Such low temperature is required since the critical 

temperature at which the Niobium bridge being used transitions to a superconducting state 

is 9.3K. Since permanent magnets loose power at low temperatures, the neodymium 

magnet used to provide the ~0.18 Tesla bias is housed in a G10 frame and is not in direct 

contact with the cold plate. The mixer block used to house the superconducting bridge is 
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made of oxygen free high thermal conductivity (OFHC) copper. This is to ensure that the 

superconducting bridge is thermally coupled with the cold plate. 

 

Figure 11. MET assembly housed in helium cryostat 

 

A solenoid with a pole piece placed near the bridge (see Figure 12b) is used to modulate 

the conductivity of the bridge. During the initial integration of the pole piece with the back 

plate, the pole piece ended up coming in contact with the chip housing the superconducting 

bridge, damaging the wire connection between the spiral antenna and the coplanar 

waveguide. In order to avoid this, the pole piece was backed out and in doing so we were 

unable to accurately determine the position of the pole piece relative to the superconducting 

bridge. This leads to a discrepancy between the expected magnetic field at the 

superconducting bridge and the applied magnetic field. 

A HEB mixer serves as the MET superconducting bridge. Since the mixer lens will be 

obscured by the toroidal magnet, the lens holder is fitted with two polished aluminum 
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mirrors to enable the lens to look at the Local Oscillator signal (see Figure 11c). These 

modifications to the mixer are implemented for future testing of the effect of magnetic field 

on HEB performance. 

 

 

Figure 12. (a) Exploded view of the Bridge Block Assembly. The superconducting bridge is sandwiched 

between the lens holder and back plate. (b) The solenoid is mounted on the back plate of the Bridge 

Block Assembly. (c) The superconducting bridge is placed in the holder with two mirrors. The mirrors 

enable the lens to look at an external photon source (here a Local Oscillator signal) when the line of 

sight of the lens is obscured by the magnet. 
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2.2 Modeling and Simulation of Magnetic Field 

The Computer Simulation Technology (CST) Magnetostatic solver is used to simulate the 

magnetic field generated by the toroidal neodymium magnet N48. The procedure for 

setting up the simulation is detailed below: 

1) A new template is created under CST EM Studio Ą Statics and Low Frequency Ą 

Magnet Design Ą Helmholthz Calibration Coils Ą M-Static Solver. 

2) Toroidal magnet based on the N48 specification sheet is then designed. Under the 

ñMaterialsò drop down menu, choose ñAluminumò and assign it to the magnet. 

3) A rectangular iron slab is then built under the magnet. 

4) Magnet and the iron box are enclosed in a vacuum box. The magnetic field is 

calculated over the area of the vacuum box (see Figure 13). 

 

Figure 13. CST simulation set up for determining the magnetic field strength generated by N48 

Neodymium magnet 

5) Under ñSimulationò tab, ñPermanent Magnetò option is assigned to the magnet. The 

temperature dependent strength of the magnet is specified as per the specification 

sheet. 



35 

 

 

6) Magnetostatic simulation is performed and the results are stored under 2D/3D 

Results Ą H-Field (see Figure 14) 

 

Figure 14. CST simulation results showing the magnetic flux density. 

Using the CST simulation data, the magnetic flux density parallel to the plane of 

superconducting bridge is plotted in Figure 15. A maximum flux density of 0.3 T can be 

achieved using the N48 neodymium magnet housed in the G10 frame. The maximum field 

required for the transition of the niobium superconducting bridge from superconducting to 

normal is 0.18T.  

 

Figure 15. Plot of magnetic flux density parallel to the plane of superconducting bridge. 
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The next step involves simulating the entire MET assembly which includes the magnet, 

mixer block and solenoid with pole piece (see Figure 16). The pole piece is 2 mm away 

from the superconducting bridge. 

 
 

Figure 16. CST model of MET assembly. 

 
 

Figure 17. Cross-section of CST model of MET assembly showing the magnetic field density when the 

superconducting bridge is at the center of the toroidal magnet. 
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Figure 18. With the addition of solenoid and pole piece, the maximum magnetic field density parallel 

to the plane of superconducting bridge increases to 2 T. 

2.3 Analytical Model 

The superconducting bridge of the MET is made of Niobium Nitride (NbN). Typical 

parameters of NbN bridge used in HEB work are10: 

Bridge Thickness: 5.5 nmd=  

Bridge Width: 2 mW m=  

Bridge Length: 0.2 mL m=  

Critical temperature in the absence of magnetic field: 9.1 K
c

T =   

Resistance of NbN at 300 K: 82 R= W  

London Penetration Depth of Nb3: ()0 200 nm
L
l =  

Coherence Length of Nb3: 
0

5 nmx=   

The normal state conductivity of the NbN bridge is 

 
( )

( )
6

15

12

0.2 10
2.217 10  

82 2 0.2 10
N

L
m

R A
s

-
-

-

³
= = = ³ W
³ ³ ³ ³

. 
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The Coherence length and London penetration depth of dirty superconductors (like NbN) 

at a given temperature are given by3 

 ()

1
2

0
0.85 1

c

T
T l

T
x x

-

å õ
= -æ ö

ç ÷
, (32) 
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å õ
= -æ ö

ç ÷
 ,(33) 

l  is the mean free path of Nb and is equal to11 0

2

x
. 

From Ginzburg-Lnadau-Abrikosov-Gorkov model, the relations between the critical fields 

and the penetration and coherence lengths at a temperature T  is given by 

 ()
()()
0

0
2 2

c

L

H T
T Tp m l x

F
= , (34) 

 ()
()1

0

2

0
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4

c
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H T k
Tpm l

F
= , (35) 

 ()
2

2
c c

H T kH= , (36) 

 is the total magnetic flux associated with a vortex called the 

quantum flux or fluxon. 

()
()

L
T

k
T

l

x
=  is the Ginzburg-Landau parameter. 

At 5.5 KT =  , 

() 4.77 nmTx =   

() 317.98 nm
L

Tl =   

15

0
2.07 10  Wb

2

h

e

-F = = ³
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() 51.22 10  A/m
c

H T = ³   

()
1

3
5.44 10  A/m

c
H T = ³   

()
2

7
1.14 10  A/m

c
H T = ³   

Converting magnetic field intensity to magnetic field density, we get 

() 0.1533 T
c

B T =   

()
1

6.8 mT
c

B T =   

()
2

14.43 T
c

B T =  

Based on CST Magnetostatics simulation: 

Applied magnetic bias:   

Solenoid magnetic field density:  

Total applied magnetic field density:   

Let the bias voltage,   

From Eq. (14) 
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, 

 
1 2

169.73 nA
DS DS DS

I I ID = - = . 

 

From section 5.1 

0.155 T
bias

B =

1.4 mT
sig

B =

a bias sig
B B B= +

0.12 mV
DS

V =
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 ()Gate sig L
I H Tl l= ³ . 

The above Equation is based on the phenomenological model. 
sig

H  is the magnetic field 

Equivalent of current generated in a magnetically biased superconductor of volume 3

L
l . 

Gate
I
l  can be estimated by modifying Eq. (14). 

 ()
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1

2

c

Gate N L DS

bias sig

B T
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B B

l s l
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 55.058 A
Gate

I l m=  

 
()3

0.0684

L

Bridge

L

V L W
N

V Tl

d

l

³ ³
= = =  

 0.0451DS

Gate

I
M

N I l
D

= =
³

 

From the above example it is clear that for a given material and applied magnetic field 

density 
sig

B , the magnetic amplification factor M  is dependent on the length (L ) and 

thickness (d) of the superconducting bridge. In Figure 19, the thickness of the MET is 

varied for a nominal length, 0.2 mL m= . As the thickness increases, M decreases. In 

Figure 20, the length of the MET is varied for a given thickness of  5.5 nmd= . If we 

fabricate a MET made of NbN with 0.02 mL m=  and 2 nmd=  then for an applied 

1.4 mT
sig

B = , the resulting magnetic amplification factor 4.505 6.53 dBM = = . Thus, it 

is possible to achieve high gain by selecting appropriate dimensions for the 

superconducting bridge. 
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Figure 19. Plot of Magnetic Amplification Factor vs Thickness of NbN superconducting bridge of 

length, 0.2 mL m=   

 
 

Figure 20.  Plot of Magnetic Amplification Factor vs Length of NbN superconducting bridge of 

thickness, 5.5 nmd=  
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Increasing the applied magnetic field density 
a

B results in breaking of more Cooper pairs 

thus creating a larger normal region as compared to superconducting region which leads to 

a decrease in MET drain current (see Figure 21).  

In a Type 2 superconductor this results from the increase of vortex density. But in a Type 

1 superconductor, an increase in applied magnetic field results in formation of alternating 

superconducting and normal domains. As more normal regions are formed within the 

superconductor, the resistance of the bridge increases as shown in Figure 22. 

 

Figure 21. Plot of I  vs B
DS a

 for 5.5 nmd= and 0.2 mL m= . Increase in applied magnetic field results 

in breaking of Cooper pairs which leads to decrease in drain current. 
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Figure 22. Plot of r  vs B
d a

 for 5.5 nmd= and 0.2 mL m=  

 
Figure 23. Plot of M vs B

sig
 for 2 nmd= and 0.02 mL m=  and 0.155 T

bias
B =  
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2.4 Experimental Setup 

Phase II involved building the computer controlled cryogenic system needed to 

characterize the MET. Being the first such system, several iterations were required before 

a suitable working test set-up was built. The MET is bolted on to the cold plate inside the 

helium cryostat. Voltage biasing is provided using a bias tee connected through the pre-

amplifier to the SIS & Magnet Bias Box. The backing pump and Turbo pump are used to 

pull vacuum in the cryostat. The cold head connected to a compressor is then employed to 

cool the cold plate down to 90 K. Cryostat is then filled with liquid helium. Once the cold 

plate is cooled down to 4.4 K, the magnet is moved into position and Voltage-Current 

characteristics of the MET are recorded. 

 
 
Figure 24. Left: Prototype MET inside of cryostat. Right: MET Experimental Setup 
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Figure 25. Schematic for modulating the MET using the solenoid. 

A pulse width modulator is used to modulate the current supply to the solenoid at low 

frequency (around 4-6 Hz). The resulting 
sig

B  modulates the conductivity of MET. The 

PC Bias box is used to supply 
DS

V  and read the voltage equivalent of 
DS

I . A lock-in 

amplifier is used to pick up the voltage equivalent of 
DS

ID . An Arduino board is 

programmed to read in this voltage and convert it to DS
ID .   

2.5 Experimental Results 

Initial testing of the prototype MET was quite encouraging. The measured current-voltage 

(I-V) characteristics of the MET showed we were able to magnetically bias it to the proper 

operating point (see Figure 26). 
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Figure 26. I-V Curves showing intermediate states of MET as a function of magnetic field - a necessary 

step in validating MET performance. 

To modulate MET using solenoid, the MET is first magnetically biased using the 

neodymium toroidal magnet. 

 

Figure 27. MET is magnetically biased using the toroidal magnet and electrically biased at 

0.12 mV
DS

V =   
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Figure 28. Lock-In Amplifier output for different values of solenoid supply current 
sol

I  

In Fig. 28, the Lock-In Amplifier output which represents the voltage equivalent of DS
I is 

plotted as a function of time for different values of solenoid current sol
I as the toroidal 

magnet is moved in and out of the ideal bias (intermediate) position. The superconducting 

bridge is not magnetically biased when the toroidal magnet is in the óOutô position and is 

in a normal state when the toroidal magnet is in the óInô position. As expected, varying sol
I

does not have any effect on DS
I when the toroidal magnet is at these two positions. It is 

clear that after magnetically biasing the MET by moving the toroidal magnet to the 

intermediate position, the MET conductivity is modulated via 
sig

B  by varying the current 

supply to the solenoid sol
I . Increasing sol

I  leads to an increase in 
sig

B  which results in a 

bigger change in DS
I . Thus increasing sol

I  leads to an increase in DS
ID .  

The measured magnetic amplification factor of an MET is 

 0.0186DS

measured

Gate

I
M

N I l
D

= =
³

. 
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Compared to the theoretical value, measured
M  is less by a factor of 2.42. Considering the 

uncertainties in the position of the magnet and solenoid pole piece in relation to the 

superconducting bridge and the degradation of the NbN bridge over time, the measured 

magnetic amplification factor is within the expected range.  

From the CST simulation, the magnetic field generated at the solenoid pole piece for 

150 mAsolI =  is 4430 A/m and the field at the superconducting bridge at a distance of 1.6 

mm is 1084 A/m. Considering that the magnetic field drops off by a factor of cube of the 

distance between the solenoid and superconducting bridge, the distance D can be calculated 

as: 

 

1
3

solenoid

Bridge

H
D

H

å õ
=æ ö
æ ö
ç ÷

, (38) 

 

1
34430

1.59 mm
1084

D
å õ
= =æ ö
ç ÷

. 

Since this value is close to the one used in CST simulation, we can use the above formula 

to calculate the distance of pole piece from the superconducting bridge for different values 

of 
Bridge

H . Assuming that the pole piece is placed at a distance of 1.6 mm from the 

superconducting bridge, 0.0451
Theoretical

M = . The experimentally measured value is 

0.0186
Measured

M = . From the above figure it is clear that an increase of 0.5 mm in the 

assumed value for the relative distance between the solenoid pole piece and the 

superconducting bridge can account for the discrepancy between the theoretical and 

measured Magnetic Amplification Factor. Higher magnetic factor can be achieved by using 

a suitable bridge architecture (Fig 23), and a superconducting material with higher energy 

band gap between superconducting and normal state. 
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Figure 29. Relation between the Magnetic Amplification Factor and the relative distance of the 

solenoid pole piece from the superconducting bridge.  

2.6 Fitting the Experimental Data 

In section 1.3, we assume that the relationship between  e
s  and s

F  is linear ( n  = 1) in 

the vicinity of c
H . Using the experimental data, we can estimate the value of n . 

Substituting Eq. 10 (a) in Eq. 13 

 

22
n

DS cL

DS N

a

V B
I A

L B

l
s

d

å õå õå õ
æ ö= ³ ³ æ öæ öæ öç ÷ç ÷ç ÷

. 

Therefore, 
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 (38) 

From experimental data, we know that 70 nA
DS

ID = . Fitting the RHS of the above 

Equation results in 0.7092n= . This is close to our initial assumption of 1n= . With more 

data points collected at different temperatures and magnetic bias points, we can make a 

better estimate of n . 

For 70 nA
DS

ID = , 0.7092n= , the new theoretical magnification factor can be calculated 

as 

 
70 nA

0.0320
0.0684 31.93 A

new
M

m
= =

³
. 

Compared to this new theoretical value, measured
M  is less by a factor of 1.72.  

Using the fitted value for n , the figures from section 2.3 are replotted. 
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Figure 30. Plot of Magnetic Amplification Factor vs Thickness of NbN superconducting bridge of 

length, 0.2 mL m=   

 

Figure 31.  Plot of Magnetic Amplification Factor vs Length of NbN superconducting bridge of 

thickness, 5.5 nmd=  
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Figure 32. Plot of I  vs B
DS a

 for 5.5 nmd= and 0.2 mL m= . Increase in applied magnetic field results 

in breaking of Cooper pairs which leads to decrease in drain current.  

 
 

Figure 33. Plot of r  vs B
d a

 for 5.5 nmd= and 0.2 mL m=  

 

Figure 34. Plot of M vs B
sig

 for 2 nmd= and 0.02 mL m=  and 0.155 T
bias

B =  
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2.7 MET Devices 

In a MET an increase in applied magnetic field density
a

B causes the conductivity and the 

current flowing through the superconducting bridge to decrease. The MET exhibits a 

magnetic negative resistance. This behavior is apparent from Figure 32, where higher 

values of 
a

B result in lower current levels and from Figure 33 where higher values of 
a

B

yield higher drain resistance. As with other negative resistance devices, the MET can be 

configured as either an amplifier or oscillator.  

2.7.1 MET Amplifier 

A schematic representation of an MET amplifier circuit with stabilizing magnetic feedback 

is shown in Figure 35(left).  As D
I  increases, the voltage drop across Rs increases as does 

the drive current on the solenoid providing the gate magnetic bias, 
sig

H . Larger values of 

sig
H  reduce the gain of the amplifier and thereby reduce D

I . Similarly, a drop in D
I  reduces 

sig
H , increasing gain and thereby increasing D

I  to the desired value. In
H  is the time 

varying, input signal to be amplified. An experimental set-up for testing the properties of 

an MET amplifier is shown in Figure 35(right). 

The input and output signals are coupled to a full height, 1ɚ resonant waveguide cavity via 

feedhorns and small (<10dB) coupling apertures. The MET consists of a niobium bridge 

located at the apex of a ``bow-tieôô current probe (see Figure 36). The bridge and probe are 

fabricated on a thin (ŭḺɚ) dielectric substrate which is suspended across the waveguide. 

To either side of the probe are a series of high-low microstrip sections which serve as an 

rf-choke to keep the time varying field within the cavity while providing a path for the DC 

bias current. Unlike the situation with typical voltage-controlled devices, the MET should 
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be located at the current (not voltage) maximum. The field geometry within a 1ɚ cavity 

will put a current maximum along the MET when the device is located across the cavity 

center. In order to magnetically bias the MET, the waveguide mount is immersed in a field, 

specified by the deviceôs drain characteristics.   

 

Figure 35. Left: Schematic of MET amplifier with negative feedback. Right: MET amplifier 

implemented in a waveguide mount. 

 

        
a)                                                 b)                                                            c) 

Figure 36. MET waveguide probe; a) geometry, b) orientation with respect to resonant cavity and rf-

choke structure, and c) cross-section of substrate channel seen from end. 
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2.7.2 MET Oscillator 

For the MET to operate as an amplifier the value of a
H will often approach c

H . However, 

there are many applications where a signal source may be required. For these applications, 

the negative feedback provided by the ambient magnetic field could be reduced until the 

MET operates as a negative resistance oscillator.  For these applications the resonant cavity 

of Figure 35(right) is sealed at one end and only an output feedhorn is required. 

As discussed above, when operated near the normal-superconducting transition, the 

impedance of an MET will have little, if any reactive component.  Therefore, the oscillator 

frequency will be set largely by the physical dimensions of the waveguide cavity.  The size 

of the cavity determines the time delay/phase per reflection and therefore the cavity 

resonant frequency. For a cavity of length z the round-trip time is 
2z

t
c

= . The oscillator 

can operate at frequencies
2

cm
f

z
=  where m is a multiple of 

2

l
. The upper frequency limit, 

max
n  , is given by Eq (28). 

The maximum power from the oscillator is a function of the drain current, D
I , and the 

MET drain resistance, dr , 2

out D d
P I r= . 

From Figures 32 and 13, for, 11.34 A
D

I m=  and 13 
d

r = W which gives us a value of 

1.7 nW
out

P = . With proper selection of device parameters, bias point, and cascading them 

we can achieve power levels of 0.5Wm which is sufficient to serve as a local oscillator for 

SIS or HEB mixers. These mixers operate at physical temperatures comparable to that of 

the MET. Therefore, the integration of an MET oscillator and/or amplifier into an SIS or 

HEB mixer block is an attractive possibility. 
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2.8 Future Work  

In the current iteration of the MET test setup, the toroidal magnet was moved in and out of 

position to magnetically bias the MET to its operating point, while the signal solenoid was 

fixed with respect to the superconducting bridge. Accurately positioning the solenoid 

proved to be the most difficult task and led to several setbacks. In the next version proposed 

for the MET test set up, the toroidal magnet and solenoid will be fixed relative to the 

superconducting bridge. The solenoid has been redesigned so as to have more turns. This 

will provide a higher magnetic field with a lower supply current and reduce heat 

dissipation. The superconducting bridge can be moved with micron precision. Accurate 

positioning of the superconducting bridge relative to the solenoid will improve the 

performance of the MET and help better characterize device performance.  

 

Figure 37. SolidWorks model of MET Phase 2 test set up. 
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Chapter 3: Orbiting Astronomical Satellite for Investigating 

Stellar Systems 
 

OASISð the Orbiting Astronomical Satellite for Investigating Stellar Systemsð will 

provide key insights into the role water plays in the evolution of galaxies, stars, and 

planetary systems. It employs a large (~14 meter diameter) inflatable aperture and 

cryogenic heterodyne receivers to per-form close up spectral resolution (Ó105) observations 

at terahertz (THz) frequencies). OASIS targets far-infrared (far-IR) transitions of water and 

its isotopologues, as well as HD and other molecular species, from 0.45 to 4.7 THz (660 to 

63 ɛm) that are obscured by the Earthôs atmosphere. OASIS will have >10× the sensitivity 

and ~4× the angular resolution of Herschel and complements the long wavelength 

capabilities of the James Webb Space Telescope (JWST). With its large collecting area and 

suite of THz heterodyne receivers, OASIS will have the sensitivity to follow the water trail 

from galaxies to oceans. From observations of the ground state HD line, OASIS will 

directly measure gas mass in a variety of astrophysical objects. Over its one-year baseline 

mission, OASIS will serve as a cosmic divining rod, capable of finding water as close as 

the Moon, to galaxies ~4 billion light years away. 

OASIS will use its unique capabilities to accomplish its overarching goal by achieving the 

following science objectives: 

Objective 1: Characterize the role of water in the formation of planetary systems.  

Objective 2: Characterize the delivery of water to the solar system by investigating its 

reservoirs.  

Objective 3: Characterize the role of water in galaxy evolution. 
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The paper, Siddhartha Sirsi, Yuzuru Takashima, Arthur Palisoc, Heejoo Choi, Jonathan W. 

Arenberg, Daewook Kim, Christopher K. Walker, "Optical design of the Orbiting 

Astronomical Satellite for Investigating Stellar Systems," J. Astron. Telesc. Instrum. Syst. 

8(3) 034002 (16 August 2022) https://doi.org/10.1117/1.JATIS.8.3.034002 is presented in 

full in the following sections. 

3.1 Introduction 

Water is an essential ingredient to the origin and evolution of life on Earth12. Water also 

plays an important role in the formation of planets. The Orbiting Astronomical Satellite for 

Investigating Stellar Systems (OASIS) is a proposed space-based telescope with a 14 m 

diameter inflatable primary reflector/antenna that will follow the water trail from galaxies 

to oceans by performing high spectral resolution observations of water at terahertz 

frequencies13,14.  The telescopeôs primary reflector consists of transparent and metallized 

polymer membranes sealed around their periphery, constrained by a tensioning structure, 

and inflated to the required pressure (Figure 38). The large inflatable primary antenna (A1) 

is the key to achieving the large collecting areas required for the proposed observational 

study. OASIS will have ~10× the collecting area and 6× the angular resolution of the 

Herschel Space Observatory15 and complements the shorter wavelength capabilities of 

James Webb Space Telescope (0.6 to 28.3 ɛm). Such a large aperture is realized by utilizing 

a lightweight, stowable polymer-based primary antenna that reduces launch cost, as well 

as the lead time required for fabrication. 

The shape of the primary antenna A1 is a function of pressure, material properties, and 

boundary conditions. The dependence of the shape of A1 on multiple parameters offers 

unique opportunities in achieving design goals. The shape of inflatable membranes has 
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been discussed in several articles. A 4th order solution for a uniformly loaded inflated 

monolithic membrane is reported by Hencky16. Surface shape with higher order terms is 

presented by Fichter17. Besides these analytic solutions, the Finite Element Analyzer for 

Membranes (FAIM) software package was developed by LôGarde Inc to numerically 

calculate the shape of A1 after inflation. This numerical approach was adopted to simulate 

the final inflated shape of A1 under different conditions18. 

 

Figure 38. Left: Inflatable Aperture Experiment (IAE) demonstrated a 14 m inflatable aperture in 

space (1996) for use at X-band. Right: Incoming signal focused by concave metallized membrane. 

[Image: NASA] 

Inflated membrane reflectors formed from flat dielectric sheets inherently form Hencky 

surfaces. Hencky surfaces are neither spherical or parabolic and involve coupled 2nd and 

4th order terms. In this situation, the magnitude of the spherical aberration in A1 is coupled 

to its focal length, F/#. An approach for correcting spherical aberration and focus utilizing 

four mirrors is reported by Burge et al19. The OASISô aberration correction mirror pair is 

designed to simultaneously tackle the on-axis spherical aberrations and off-axis 

aberrations, i.e., coma, encountered with an inflatable. Moreover, the effective collection 

area of the telescope and secondary mirror sizes are also a function of the shape and size 



60 

 

 

of A1. In addition, the wide wavelength range of OASIS requires appropriate tolerance 

budgeting.  

 

Figure 39. OASIS mission concept showing the corrector and receiver modules (left side of the figure) 

and the fully deployed 14 m diameter primary reflective antenna A1 (right side of the figure), which is 

an inflatable membrane optic. 

Within the complex and mutually coupled design landscape, we have developed a 1st order 

analytical model for inflatable reflectors. Based on the 1st order model, further optimization 

of corrector optics, as well as tolerance analysis is performed as a function of collecting 

area and effective focal length (F#). This approach determines the optimal design that 

delivers the required effective collection area utilizing a compact aberration correcting 

mirror pair. The results are presented in the form of solution space contour plots, which 

serve as a powerful tool for converting scientific requirements to optical system 

specifications.  
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Here we report the design process of a large aperture telescope with an inflatable primary 

reflector. In Section 3.2 the OASIS optical specification is discussed in conjunction with 

the concept of operation. In Section 3.3, power arrangement, size requirement for 

correction optics, and photon collection area are addressed by developing an analytical 

model based on a 4th order Hencky model. Further optimization of the corrector optics, 

incorporation of a numerical solution for surface shape, and a performance figure of merit 

are discussed in Section 3.4. Section 3.5 addresses photon collection area as a function of 

effective focal length (EFL) and F/# of the primary mirror in the design space while 

incorporating additional factors influencing photon collection area, e.g., as-built Strehl 

intensity ratio and optical transmission. Section 3.6 discusses the optical design of a field 

of view (FoV) scanning mechanism for OASIS. The baseline design and optical path loss 

budget of a 14 m OASIS space telescope are discussed in Section 3.7, followed by a 

discussion of how to address challenges encountered in the design of inflatable optical 

systems. 

3.2 OASIS Optical Specifications 

The OASIS space telescope concept is illustrated in Figure 39. Its 14 m primary reflector, 

A1, is initially stowed in the spacecraft and deployed in orbit using three expanding 

booms20. A1 is made up of two thin (~12 ɛm) polymer (e.g., Mylar or Kapton) membranes; 

one forming a clear canopy and the second an aluminized reflector. The space between the 

two membranes is pressurized to form the required concave reflective surface. 

OASIS targets far-infrared (far-IR) transitions of water and its isotopologues, as well as 

HD and other molecular species, from 0.45 to 4.7 THz (660 to 63 ɛm) that are obscured by 

the Earthôs atmosphere. The sensitivity required to detect and spectrally resolve these lines 
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is provided by a large aperture coupled with state-of-the-art heterodyne receivers21. The 

terahertz heterodyne receivers need to be periodically (~20 s) chopped on and off targets. 

This translates to a minimum required field of view of 0.01 deg (6 arcmin). An F/16 system 

is selected to efficiently couple the telescope beam to the focal plane instruments. The key 

requirements concerning the optical design of OASIS are listed in Table 1. 

Table 1. Key optical design requirements of OASIS based on science goals and system architecture. 

 Requirement 

F/# 16 

Collection area >56 m2 

Field of view ±3 arcmin (circle) 

Payload Mass/Collection area 13 kg/m2 

Wavelength 63 ï 660 ɛm 

3.3 Analytical Model Of A1 With Spherical Aberration Corrector  

3.3.1 Shape of inflatable primary antenna A1 

An inflatable mirror formed by pressurizing two thin, circular, monolithic flat polymer 

membranes bonded at the edges has a surface profile of an oblate spheroid whose figure 

can be expressed by an even power series known as a Hencky Curve22, given by 

 () ( )2 4

2
0.1111

64

D
z u u u

F
= + , (39) 

where D  is the diameter of the mirror, F  is the #F  , and 
r

u
D
=  is fractional radius. A 

Hencky surface will be assumed for A1 in the first order optical design. 

Figure 40 plots ᾀό for a Hencky surface with D = 20 m, and F = 1.25. For the purpose 

of comparison, parabolic sag for the same D and F/# is also shown. Because the sag value 

at the edge of mirror substantially deviates from the sag of parabola, a large amount of 

spherical aberration is induced by the Hencky surface.  
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Figure 40. Comparison between Hencky and parabolic surface radial profile with the best fit sphere 

removed. 

3.3.2 First Order OASIS Optical Design Layout 

To correct for the spherical aberration due to the deviation of A1 from an ideal parabola, 

two concave mirrors, M2 and M3, are incorporated in the optical design as shown in Figure 

41. This mirror pair resides in the Corrector Module (Figure 39). Together they correct for 

both spherical aberration and off-axis aberrations (e.g., coma). The driving principles 

behind the design of the M2-M3 mirror pair are to 

i. achieve the smallest possible mirror size,  

ii.  minimize the distance between mirror pairs while also minimizing the central hole 

diameter of the M2 and M3 mirrors, and 

iii.  maximize the geometrical photon collection area. 
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To satisfy those requirements, we adopted a power arrangement of the A1-M2-M3 

system which is similar to that of a reflective null collector23. The M2 mirror is placed at 

the paraxial focus of A1 and corrects for the spherical aberration induced by A1. M3 relays 

paraxial focus of A1 back to M2, which is also the system focal point of A1-M2-M3. In 

this sense, M3 is a 1:1 relay optics that re-images the intermediate image formed by A1 to 

the location of M2 again while jointly correcting spherical aberration with M2.  To 

maximize the effective collection area, the diameter of the central hole of M2 and M3 

mirrors are minimized by placing M3 where the size of ray bundle of A1 is minimized or 

at the minimum blur position24. 

 

Figure 41. Optical layout of OASIS corrector M2-M3 mirror pair. Signal from the astr onomical target 

reflects off of A1, passes through M3 hole, reflects off of M2, and is re-imaged by M3 through the M2 

center hole. 

As depicted in Figure 42, diameter (Ὀ) and focal length of A1 (or distance between A1 

and M2: Ὠ ) are chosen as primary design variables, since those determine the overall 

dimensions of the A1-M2-M3 optical system, which is constrained by science/mission 
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requirements for aperture size and stow volume. Given Ὀ, the surface profile of A1 and 

Ὠ  is a function of pressure and membrane properties. For the parameters Ὀ and Ὠ , 

viable M2-M3 corrector designs can be identified by using the approach described below. 

3.3.3 Design Space Survey Using Iterative Analytical Model 

The central obscuration of A1 (hin) is dependent on M2, the M3 location, and the M3 

entrance hole size. In turn, the location of M2 is dependent on the location of M3. An 

iterative analytical model was developed to optimize   the first order power arrangement 

and solve for hin, with its mutually coupled dependencies. This model determines the 

location and size of M2-M3 corrector optics, and the geometrical collection area of the 

telescope system by evaluating the value of hin for different combinations of A1 surface 

profiles and apertures. The 1st order design process is divided into sub steps 1 through 7 as 

follows.   

Step 1: The Hencky surface profile is obtained for a given Ὀ, Ὠ  , and field of view (q

) with M2 hole diameter ( 2MH ). 

 ()
( )2 1 2  = 2 tan

#
IF

M

sys

d
H d

f
q -+ , (40) 

where ὪȾΠ  is system F/#, Ὠ  is a distance from M2 mirror surface to focal plane of 

the A1-M2-M3 system, 1
1 2 2

R
d - = , and 1

R  is the base radius of curvature of A1. In Eq. (40), 

Ὠ ȾὪȾΠ  is the ray bundle size at the surface of M2. The M2 hole size Ὄ  

accommodates the ray bundle footprint, while taking into account the shift of the ray bundle 

by an amount ςÔÁÎ—Ὠ . 
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Figure 42. Analytical model showing the ray trace used to determine the systematic design space set 

by the mirror positions and critical dimensions of the corrector optics pair (M2 and M3). 

Step 2: Calculate the height (inh ) of the incident ray (labeled as Upper Inner Ray in Figure 

42) at A1 which results in an image height of 2 2MH  at the initial intermediate focal plane. 

1 2outh D=  is the height of the marginal ray at A1 (labeled as Lower Marginal Ray in 

Figure 42). 

Step 3: The intersection of the Upper Inner Ray and the Lower Marginal Ray determines 

the location of M3 where the ray bundle size is minimized with spherical aberration of A1, 

as well as its hole size ( 3M
H ). 

Step 4: Given the distance 2 3d -  between M2 and M3, the location of M2 is updated. 

Step 5: The height of the lower marginal ray at the updated location of M2 determines the 

diameter of M2 ( 2MD  ). 

Step 6: Diameter of M3 ( 3MD ) is calculated by equating the ( )#
sys

f  with ( )
3

#
M

f as  

 ( )
( )1 2

#
2sys

out

R
f

h
= , (41) 
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1

2

2

out
M IF

h
D d d

R
-= +  , (43) 

Step 7: Geometrical photon collection area (GeoCA ) of the system is calculated. 

 ( )2 2

Geo out inCA h h p= -  . (44) 

The above steps are iterated until inh  value converges. 

An iterative analytical model is run using the parameters in Table 2. 

Table 2 Iterative analytical model parameters. 

Model Parameters Value 

R1 50 m 

D1 [12 m 13 m 14 m 15 m 16 m 17 m] 

d2-3 2.2 m 

dIF 200 mm 

ɗ ±0.05° 

 

The results of the parametric sweep of 1D  for 1R  = 50 m and its comparison with the results 

calculated by geometrical raytracing software (ZEMAX, CodeV) are listed in Table 3. The 

shape of the M2 and M3 mirrors are optimized to provide diffraction limited performance. 

The geometrical photon collection area of A1 calculated by the analytical model is in close 

accordance with the ZEMAX model. Table 3 shows that the iterative analytical model can 

be used to accurately predict the optical design parameters without having to go through 

the entire design process using ray tracing software. One important finding from the first 

order analysis is that Hencky surface profile of A1 requires M2 and M3 diameters 

exceeding 1 m. 
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Table 3 Comparison of parametric sweep of D1 for R1 = 50 m between the analytical and ray tracing 

software (ZEMAX models). 

 

D1 

(m) 

 

d1-2 

(m) 

 

DM2 

(m) 

 

HM2 

(mm) 

 

DM3 

(m) 

 

HM3 

(mm) 

Analytical 

Geometrical 

Photon Collection 

Area 

(m2) 

Geometrical 

Photon Collection 

Area by ZEMAX  

(m2) 

12 25.7705 1.33 141 1.15 134 102.55 100.31 

13 25.5295 1.52 149 1.24 208 116.62 116.3 

14 25.2675 1.74 156 1.34 301 129.62 129.21 

15 24.9872 1.97 164 1.44 410 141.49 140.91 

16 24.6881 2.23 171 1.53 533 152.29 151.72 

17 24.3737 2.51 179 1.63 665 162.61 161.67 

Note) D1: Entrance pupil diameter of A1, d1-2: Distance between A1 and M2, DM2: Diameter of M2, HM2: 

Hole diameter of M2, DM3: Diameter of M3, and HM3: Hole Diameter of M3 

3.4 Characterization of A1 Surface Profile Figure of Merit 

The iterative analytical model can accurately predict the size of the M2 and M3 mirrors, 

and the geometrical photon collection area. The model is applied to different combinations 

of A1 profiles and entrance pupil diameters to determine suitable A1 surface profiles which 

minimizes the M2-M3 mirror sizes while satisfying the science requirement for collecting 

area. An alternative to forming the primary mirror from a flat membrane is to utilize several 

pre-formed slices of membranes (gores) that are stitched together to create the desired 

surface profile. L'Garde Inc provided surface profile data for quasi-parabolic shaped 

reflectors formed from gores18. These were compared with the case of an ideal parabola 

and Hencky surface. The results are shown in Figure 43. A 1-m monolithic membrane 

A1 prototype was measured with Nikon APDIS laser radar and the measured surface 

profile was shown to be in close accordance with the surface predicted by FAIM code25. 
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Although the LôGarde quasi-parabola profile results in smaller M2 and M3 mirror sizes 

compared to the Hencky surface, they are still larger than those resulting from an ideal 

parabolic shape. To reduce the required diameter of M2 and M3 further system 

optimization is required.  

 

Figure 43. Comparison between the (a) M2 mirror diameter, (b) M3 mirror diameter, and (c) 

Geometrical collection area of ideal parabola, Hencky, and LôGarde quasi- parabola for R = 50 m and 

ɗ = +/-0.5° case. 

Let P1 be a quasi-parabolic reflector profile with base radius of curvature of 50 m at 

nominal pressure.  P1 is decomposed to result in a best fit parabola and the residual W-

curve shown in Figure 44. The W-curve is fit to an 8th order polynomial and a transverse 

ray analysis performed to identify the individual contribution of aspheric coefficients to 

the overall aberration induced by P1. The total aberration induced by P1 is equal to the 

combination of defocus (020w ) , aberration induced by 4th order term of W-curve ( 040w ) , 

and aberration induced by the 6th order term of the W-curve ( 060w ) as shown in Eq (45), 

 ( )2 4 6

020 040 0602 # 2 4 6y f w w we r r r=- ³ ³ + + . (45) 

The 8th order term is neglected as its contribution to the overall aberration is small 

compared to the other terms. The transverse ray analysis yields values of, 
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040 060671.3 mm, 10.4 mm, 12.9 mm and # 1.6y w w fe= = = =. Substitution into Eq (45) 

then yields 
020 164.4 mmw = . 

 

 

Figure 44. W- curve: LôGarde near-parabola data of A1 profile is fit to an ideal parabola with base 

radius of 50,033.53 mm and the residual error is plotted as a function of radial distance from the A1 

optical axis. (Note: This radial plot only shows the half of the ñWò shaped W-curve.) 

Defocus affects the location of mirrors and can be accounted for during the design process. 

The spherical aberration terms 040w  and 060w  affect the M2-M3 corrector mirror sizes. 

Reduction in the contribution of these two terms results in smaller mirrors. A scaling factor 

is applied to A4 and A6 aspheric terms to demonstrate its effect on M2 and M3 sizes (Table 

4).  

Such scaling factors can be realized by adjusting the pressure within the reflector.  LôGarde 

data for quasi-parabolic profiles with R1 = 50 m, D1 = 20 m at ±10%, ±20%, and ±30% of 

nominal pressure were analyzed to see if any of these are a close match to the profiles 
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predicted in Table 4. The profile at 20% lower than nominal pressure results in a M2 

diameter of 500 mm and is close to the profile calculated using a scaling factor of 0.1.  

However, 20% lower than nominal pressure is not sufficient to prevent wrinkles in the 

membranes. Therefore, a conservative scaling factor of 0.15, corresponding to a pressure 

yielding a wrinkle free surface, is adopted.  

Table 4 Variation of M2 diameter as a function of scaling factor applied to the LôGarde quasi-

parabola A4 and A6 aspheric coefficients of the W-curve.  

Scaling Factor 
M2 Diameter 

(mm) 

Peak to valley error  

w.r.t best fit parabola (mm) 

1 1322 13.53 

0.5 592 6.9 

0.1 456 1.6 

0.01 370 0.4 

 

3.5 Inflatable Optical Telescope Design Solution Space 

The updated definition of the A1 sag profile is used as input to the iterative analytical model 

and the resultant output is used to develop corresponding ZEMAX models. The next step 

involves numerical evaluation of the performance of these A1 profiles over the entire FOV. 

The goal is to efficiently couple the photons collected by the telescope into the focal plane 

instruments (i.e., the heterodyne receivers) over all the observation bands. The OASIS 

receiver band wavelength definitions are listed in Table 5. 
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Table 5. OASIS receiver bands 

OASIS Receiver Band Wavelength 

1 660 - 520 ɛm 

2 272 - 136 ɛm 

3 120 - 103 ɛm 

4 63 ɛm 

 

 

The effective collection area is defined as the product of geometrical photon collection area 

and the area-averaged Strehl Intensity Ratio (SIR) and is a function of the coupling 

efficiency from the telescope optics to the beam expected by the heterodyne receivers (F/16 

for OASIS). The SIR can be approximated as26 

 

2

2

SIR e

s
p
l

å õ
-æ ö
ç ÷= , (46) 

where s is RMS (Root Mean Square) wavefront error as designed. Since the design 

accommodates FOV of ±0.05°, s averaged over FOV is used for Eq (46).  Under the 

assumption of s quadratically increasing over the FOV,  

 
()( )2

off axis on axis on axisr rs s s s- - -= - +
, (47) 

where r is the normalized field FOV, on axiss - is the RMS wavefront error at FOV = 0 deg, 

and off axiss -  is the RMS wavefront error at FOV = 0.05°. Area-averaged SIR is calculated 

as 

 

()

( )
2

2

21

0

2

off axis on axis on axisr

SIR r re dr

s s s
p

l

- - -
å õ- +
æ ö-
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ç ÷=ñ

. (48) 
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The effective photon collection area, EA, of the system is then calculated as 

 ()

( )
2

2

21

0

2

off axis on axis on axis
r

gEA r A re dr

s s s
p

l

- - -

å õ- +
æ ö
-æ ö
æ ö
ç ÷= ³ñ , (49) 

where Ag is the geometrical photon collection area.  

Figure 45 shows the contour plots of the resulting solution space over all the four 

observation bands. The diameters of M2 and M3 are overlaid on the effective photon 

collecting area as a function of reflector radius of curvature (R1) and effective pupil 

diameter (EPD). The effective areas of Bands 1, 2, and 3, are similar to each other, since 

the wavelength is much longer than the as-design optical path difference of wavefront error 

whereas the Band 4 contour plots suffer from the decreased coupling efficiency due to the 

shorter wavelength. 
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Figure 45 (a) to (d) Inflatable optical design solution space contour plots of as designed models over 

the four OASIS observation bands. Effective photon collection area and diameters of M2 and M3 

mirrors are plotted as a function of A1 radius of curvature and EPD.  

As a test of design robustness A1, M2, and M3 are individually perturbed by introducing 

decenter in X, Y, and Z directions and tilt about X and Y axes with values tabulated in 

Table 6. The system RMS wavefront error is then estimated by the Root Sum Squares 

(RSS) rule of the wavefront errors of individual optical components under perturbations. 
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The system RMS wavefront error (
syss )  with respect to decenter in X, Y, and Z directions, 

tilt about X and Y axes of individual optical elements is given by 

 
2 2 2 2

1 2 3sys M M M Baselines s s s s= + + +
, (50) 

where the RMS wavefront error of each individual optical elements is 

 2 2 2 2 2

_ _ _ _ _element Dec x Dec y Dec z Tilt x Tilt ys s s s s s= + + + + . (51) 

syss  is substituted in Eq (51) and the results are shown in Figure 46. 

The contour plots show that the effective collecting area decreases due to wave front 

aberrations and hence the system performance degrades as the wavelength gets shorter. 

Tolerancing helps in determining the sensitivity of different bands to the overall system 

RMS wavefront error due to the perturbations of the individual optical elements. Figure 46 

shows that Band 1 and 2 are less susceptible due to their longer wavelengths. After 

tolerancing, Band 4 shows significant degradation in the effective photon collection area. 

Depending on the importance of each band (e.g., concept of operations, quality and number 

of astronomical targets, integration time), the solution space can be recalculated using a 

weighing factor. The combination of A1 radii of curvature and entrance pupil diameters 

which would satisfy the science goals (effective collection area) and are within system 

architecture constraints (M2-M3 mirror sizes) can then be identified by comparing these 

weighted solution space contour plots. The systematic optimization flow involved in the 

parametric design space search resulting in solution space contour plots are presented in 

Figure 47. 
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Figure 46 (a) to (d) Inflatable optical design solution space contour plots post tolerancing over the four 

OASIS observation bands. Effective photon collection area using Eq. (51) and diameters of M2 and 

M3 mirrors are plotted as a function of A1 radius of curvature R1 and EPD 
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Figure 47. 10 OASIS parametric design space search process and inflatable optical design optimization 

workflow.  

Table 6. Baseline design parameters and the OASIS optical performance sensitivity analysis 

parameters. 

Parameter Value 

R1 [40m 50m 60m] 

D1 [15 m 16 m 17 m 18 m] 

d2-3 0.7 m 

dIF 100 mm 

Ū ±0.05° 

 

A1 

Decenter X = 0.5 mm Tilt X = 0.001° 

Decenter Y = 0.5 mm Tilt Y = 0.001° 

Decenter Z= 0.5 mm Tilt Z = 0° 

 

M2 

Decenter X = 0.1 mm Tilt X = 0.001° 

Decenter Y = 0.1 mm Tilt Y = 0.001° 

Decenter Z= 0.5 mm Tilt Z = 0° 

 

M3 

Decenter X = 0.1 mm Tilt X = 0.001° 

Decenter Y = 0.1 mm Tilt Y = 0.001° 

Decenter Z= 0.5 mm Tilt Z = 0° 
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As an example of design optimization utilizing Figure 46 a to d, let us assume that due to 

the requirement on the maximum mass of inflatant and the rate of change of surface profile 

with respect to pressure, a radius of curvature of 50 m is selected for A1. The corresponding 

data from the contour plots for R1 = 50 m are listed in Table 7. 

Table 7. Effective area and mirror diameters for R1 = 50 m. 

EPD (m) Effective Area (m2) Mirror Diameter (mm)  

Band 1 Band 2 Band 3 Band 4 M2 M3 

15 156 158 147 119 574 450 

16 170 171 149 103 634 510 

17 173 173 129 71 708 590 

18 161 185 145 71 792 600 

 

Considering the maximum effective photon collection area for each band and ignoring the 

constraint on mirror diameter, Band 1 has a peak at 17 m EPD, Band 2 at 18 m, Band 3 at 

16 m, and Band 4 at 15 m. From Table 7, an A1 with EPD of 16 m for R1 = 50 m is the 

best choice as it still delivers close to maximum possible EAs at Band 1, 2, and 4. But if 

achieving the smallest possible mirror diameter has higher priority than the maximum 

possible EA, EPD of 15 m for R1 = 50 m turns out to be the best option. Thus, plots of the 

type shown in Figure 46 help in efficiently navigating the multi-variable dependencies of 

the design space and in identifying the most suitable A1 profile 

3.6 FOV Scanner Design 

A Field of View (FOV) of ±0.05° (3 arc-minutes) is part of the OASIS design specifications 

in Table 1. This is achieved by scanning the intermediate image with a tip-tilt mirror. The 

stop is placed at A1 in the OASIS design. A field lens made of HRFZ Silicon is placed at 

the intermediate focal plane to minimize the size of the scanning mirror and to avoid 

vignetting during scanning. Absorption loss of HRFZ Si could be a cause of concern. But 
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since the central thickness of the field lens is sufficiently thin, 2 mm, the maximum 

absorption loss is at most 15 %, which occurs in Band 4 (Figure 48). Reflection loss is 

mitigated by using the right combination and thickness of AR coating material such as 

Parylene27. 

 

Figure 48. Absorption loss of HEFZ Si as a function of central thickness of lens. 

The optical layout of the scanning mechanism is shown in Figure 49a. The tip-tilt mirror 

M4 scans the intermediate image and then it is re-imaged by an ellipsoidal mirror M5 to 

achieve the F/16 system as per the OASIS design specification in Table 1. If the absorption 

loss of 15% at Band 4 needs to be eliminated, the field lens can be replaced with a pair of 

mirrors as shown in Figure 49b. The mirror pair is rigidly connected to the tip/tilt M4 and 

shares the same axis about which they are rotated. In addition to the reduced loss, this 

configuration can also support a wider FOV of ±0.1°. 
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Figure 49. OASIS FOV scanner layout with (a) HRFZ Si field lens, and (b) mirror pair (RFL1 and 

RFL2) replacing the field lens. 

3.7 MidEx C lass 14 m diameter OASIS Optical Design 

Driven by the heritage of large inflatable mirror28 and system architecture constraints20, the 

diameter of A1 was selected to be 14 m for the NASA MidEx proposal13. The 

methodologies detailed in previous sections are used to redesign and optimize the corrector 

module, FOV scanner, and calculate the effective collection area for all the bands.  

LôGarde Inc provided new data for an A1 diameter of 14 m and Radius of Curvature (RoC) 

= [40 m, 50 m, and 60 m]. The data was fit to an 8th order polynomial and the aspheric 

coefficients scaled by 0.15 to produce the new A1 surface profiles. The iterative analytical 

model was used to design the corrector module (M2-M3). Table 8 shows the preliminary 

modeling results by ray-tracing software (ZEMAX) for all the three radii of curvature. The 
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RoC of 40 m provides the largest geometric photon collection area with the smallest mirror 

dimensions.  

Table 8 ZEMAX modeling results for different A1 radii of curvatures.  

Radius of 

Curvature 

(m) 

M2 

Radius 

(mm) 

M2 Hole 

Radius 

(mm) 

M3 

Radius 

(mm) 

M3 Hole 

Radius 

(mm) 

M2-M3 

Distance 

(mm) 

Geometric 

Collection 

Area (m2) 

40 240 50 216 50 700 142.77 

50 265 50 195 65 700 126.93 

60 241 50 170 75 700 100.62 

 

The FOV scanning system shown in Figure 49 was redesigned to be compatible with a 

commercially available hexapod (M4) H-811 from PI29. To prevent vignetting due to the 

hexapod and considering mounting constraints, M4 is mounted 45° off-axis. M5-M6 mirror 

pairs are used for further correction and to achieve f/16 system. Three flat mirrors, M7, 

M8, and M9 are used for folding the beam inside the packaging volume. Figure 50 and 51 

shows the MidEx Class OASIS optical design using 14 m diameter inflatable primary 

antenna and the spot diagrams showing diffraction-limited optical performance at ɚ = 111 

ɛm (Band 3). 

A sensitivity analysis was performed, and effective collecting areas calculated as described 

in Section 3.5. Table 9 provides the effective photon collecting area derived using Eq (51), 

along with the aperture efficiency, which is the ratio between the Effective Collection Area 

(EA) and the Geometrical Membrane Area (Ag). 
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Figure 50. Ray-trace model showing the MidEx Class OASIS optical design including the corrector 

module, field lens, FOV scanner, and folding mirrors for 14 m diameter primary antenna A1. 
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Figure 51. MidEx Class 14 m diameter OASIS spot diagram showing diffraction limited performance 

at 0Á, 0.03Á, and 0.05Á FOV for ɚ = 111 ɛm (Band 3). 

Table 9 Effective photon collection area of the MidEx Class 14 m diameter OASIS. 

Band ɚ (ɛm) 
Effective Collection Area 

(m2) 
Membrane Area (m2) Aperture Efficiency 

1 582 142 154 0.922 

2 200 140 154 0.909 

3 111 130 154 0.844 

4 63 108 154 0.701 

3.8 Resolution of A1 Pressure Control Unit 

Since the A1 surface profile, and location of intermediate focal plane of A1-M2-M3 is a 

function of A1 pressure, the resolution of the pressure control unit becomes a critical 

parameter to match telescope beam waist at the location of heterodyne receivers. Data from 

LôGarde Inc for D = 14 m, R = 40 m at nominal, 10 % higher, and 10% lower than nominal 

pressure is analyzed to determine the rate of change of base radius of curvature with respect 

to change of pressure. For this configuration, numerical simulation shows 

1.72 mm/mPadr dp= . Considering a resolution of 0.1% of nominal pressure,  

 dp= 0.1% of P = 0.1% of 4.37 Pa º 5 mPa,  

8.6 mmdr\ = . 

The current design can accommodate dr (displacement of A1 along Z-axis) of 0.5 mm 

(Table 6). A maximum change of 2 mmdr= can be compensated for by using the M4 
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hexapod. Thus, a pressure control unit with a resolution of 1 mPa is required to maintain 

optimum system performance. If actuators with a travel ±1.65 mm are incorporated into 

the boom design, then a resolution of 5 mPa will suffice. Long exposure of the reflector to 

solar UV could affect the uniformity of the polymer. However, by proper choice of 

coatings, deformation effects can be minimized and brought into a range that can be 

mitigated by the pressure control system and/or the boom actuators30. 

3.9 Discussion 

Starting with analytically or numerically derived surface profiles, this work has shown it 

is possible to realize high performance telescopes with large, inflated apertures.  The next 

challenge from the optical design viewpoint is the compensation for thermal deformation 

(or unforeseen aberrations) in A1 by implementing adaptive optics (AO). AO is not 

required for OASIS but may prove necessary for future telescopes with inflated primaries 

operating at shorter wavelengths. AO is widely used on ground based telescopes to 

compensate for rapid variations in the refractive index of the Earthôs atmosphere due to 

turbulence.  The changes in surface figure expected in space based inflated optics due to 

thermal effects will occur over minutes or hours, reducing the complexity of and demand 

on the AO system.  In addition, the shape of A1 can be controlled by precisely modulating 

the pressure. This can be used in conjunction with the AO to correct for thermal variations 

in A1. 
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Chapter 4: Terahertz Heterodyne Mixers 

4.1 Introduction 

This chapter is a literature review of the type of mixers used in terahertz heterodyne 

receivers. Heterodyne or Coherent detection involves down converting, amplifying, and 

filt ering a signal prior to detection. These systems can produce high resolution spectra but 

due to limited bandwidth they are not suited for broadband continuum radiation. 

 

Figure 52. Block diagram of heterodyne receiver1. 

Figure 52 shows a simple implementation of heterodyne receiver system. Assuming that 

the reader is familiar with the basic working principle of this system, the different types of 

mixers utilized in coherent detection systems will be explored in the following sections. 

Currently there are three types of mixers being employed to cover the different ranges of 

terahertz (THz) regime from 0.3 to 5 THz. These are: Superconductor Insulator 

Superconductor (SIS), Schottky diode, and Hot Electron Bolometer (HEB) mixers. 



88 

 

 

 

For any THz heterodyne receiver, there are three primary parameters which are important 

for evaluating the receiver performance: noise temperature, IF bandwidth, and Allan 

variance time (stability). Considering that the receiver system is properly designed, the 

main contributor for the total receiver noise is the mixer. Conversion loss and noise 

associated with the mixer makes up a significant portion of the noise budget for a coherent 

receiver system. In order to better facilitate broad spectral linewidth and continuum 

observations of extragalactic sources, higher IF bandwidth is required. Increase in IF 

bandwidth results in decrease in mixer power stability. This in turn affects the Allan time. 

Coherent Detection conserves both phase and amplitude information of the incoming signal 

but due to the restriction placed by the Heisenberg uncertainty principle, it gives rise to a 

fundamental noise parameter called the Quantum noise. 

 
p p pE hf kT= =  ,  

 
2

p

p

hf
T

k
=  , (52) 

where Ep = Energy of a photon 

fp = Frequency of operation 

Tp = Effective photon temperature. 

The above equation gives the quantum noise for a Double Side Band (SSB) receiver. 

Essentially, itôs the noise seen at the output of a receiver at 0K when the input is terminated 

with a matched load. As seen from the above equation, quantum noise increases with 

frequency and becomes significant at THz frequency. The minimum quantum noise power 

corresponds to a noise temperature of 48 K at 1 THz. 
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Figure 53. Measured DSB noise temperatures of Schottky, SIS and HEB mixers with respect to their 

minimum quantum noise limit31. 

4.2 Superconductor Insulator Superconductor Mixer 

SIS mixers are made by sandwiching a thin insulating layer between two superconducting 

films. In theory SIS devices can reach the quantum limit of sensitivity if the photons can 

be coupled efficiently to the tunnel junction. But the junctions are small which means that 

waveguide probes or planar antennas are required. They also require an inductive tuning 

circuit to compensate for the high capacitance of the junction. But it is difficult to design a 

tuning circuit at high frequencies since RF impedance of the junction capacitance is small 

and the superconductor or metals used for the tuning inductor become lossy. 

Sensitivities for the SIS mixer fall close to hf/2k = 0.05 K/GHz for frequencies up to several 

hundred gigahertz and are within a factor of ten of this limits, up to 1 THz. Receiver noise 
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temperatures dominated by antenna, optics and mixer mount losses vary from less than 50 

K at 100 GHz to over 500 K above 1 THz. 

 

Figure 54. SIS Junction32. 

SIS devices reach a natural frequency limit fcutoff at approximately twice the 

superconducting energy gap 2Dº3.5kTc for ambient temperatures well below the critical 

temperature Tc. This upper operating frequency is dependent upon the tunnel junction 

material composition; fcutoff º146Tc. For the most common SIS tunnel junctions, niobiumï

aluminum-oxideïniobium with Tc=9.3 K, this frequency falls near 1350 GHz. Alternate 

materials such as niobiumïnitride (Tc=16 K) or high temperature superconductors based 

on YBCO (Tc>90 K), have much higher operational frequency limits, but acceptable tunnel 

junctions are yet to be formed for these compounds33. 

J.W. Kooi. et al.,34 investigated the noise stability of SIS receivers and found that the mixer 

is stable to at least 6 seconds in a 100 MHz bandwidth. This limit is set by how well we 

can suppress the Josephson effect in the superconducting tunnel junction and possibly also 

by SIS mixer bias noise, which modulates the mixer gain. In a passively cooled dewar, the 
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Allan variance stability was measured to be 9 seconds and in an actively cooled dewar the 

situation was much worse with a measured variance time of 1.5 seconds. Thus, in practice, 

the Josephson effect does not limit the stability of SIS receivers, rather the stability is set 

by external factors such as: acoustic vibrations on LNA and local oscillator chain, micro-

phonic noise on the LNA and SIS mixer bias lines, and SIS constant voltage feedback bias 

noise. 

4.3 Schottky Diode Mixer 

Schottky diode mixers lends themselves for applications where sensitivity of room 

temperature detectors is sufficient at THz frequency range. Planar diode mixers have been 

constructed and space qualified at frequencies as high as 2500 GHz35 with noise 

performance below 5000 K double sideband. Noise arising from Schottky barrier is a 

combination of thermal noise and shot noise at low current levels. At high current densities, 

hot electron noise due to the electron temperature crossing the barrier being higher than the 

lattice temperature adds the above two noise sources. Thermal noise, shot noise, and hot 

electron noise are assumed to be uncorrelated as they arise from different mechanisms.  

 

Figure 55. Circuit model of a Schottky Diode including noise sources36. 
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Each resistive element shown in the above figure generates noise and hence has a noise 

source associated with it. Shot noise is given by: 

 
2

o
shot

qV
T

k
=   (53) 

Vo is the diodeôs inverse slope parameter. A lower value of Vo corresponds to a sharper I - 

V curve. Vo is often expressed as 
kT

q

h
 where the ideality factor h is equal to unity for an 

ideal thermionic diode. However, tunneling, electron heating, and other effects increase h

beyond this ideal value11. The thermal noise source can be modeled as: 

 
2 4 effkT R fuà ð= D  (54) 

where effT  is the equivalent noise temperature of the electron distribution. 

The effective noise temperature of the diode can be written as: 
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where , ,T j s epi s subR R R R= + +   

Schottky diode mixers have higher LO power requirement than SIS or HEB mixers. The 

required LO power is usually determined by the desired input 1 dB compression point of 

the mixer and is typically specified at 5 dB above this level. The series resistance dissipates 

much of the LO power before it reaches the non-linear junction impedance, and the junction 

capacitance tends to short power around the junction. In order to increase the coupling 

efficiency between the diodeôs antenna structure and the diode itself, it is important to make 



93 

 

 

the junction capacitance as small as possible. This results in an increase in the series 

resistance. 

 

Figure 56. Sensitivity of Schottky Mixers37. 

From the above figure it is clear that the preferred frequency domain for Schottky diode 

mixers is under 2 THz. Due to the considerable conversion loss associated with higher LO 

power requirements and high noise levels above 1 THz for Schottky diode mixers, HEB 

mixers are preferred for above 1 THz operation. 

4.4 Hot Electron Bolometer Mixer 

Superconducting HEBs utilize the steep rise of resistance of a superconductor close to the 

critical temperature Tc. The superconducting bridge is connected to electrical contacts on 

both ends and is driven into a resistive state by sending a DC current and coupling of 
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radiation by means of a waveguide or an on-chip antenna. HEB can be phonon cooled or 

diffusion cooled based on the length of the bridge. The device mentioned in this paper 

belongs to the diffusion cooled class of HEBs. 

In diffusion cooled HEBs the superconducting bridge is small compared to the thermal 

healing length and the out diffusion to the contacts dominates the heat transfer from hot 

electrons. The thermal relaxation time difft  can be given as: 

 
2

2

b
diff

L

D
t

p
=   (56) 

Lb is the length of the bridge and D is the diffusion constant. Figure 53 shows the calculated 

IF bandwidth of a diffusion cooled HEB in case the diffusion constant equals 1 cm2/s for a 

10 nm thick Nb bridge. 

 

Figure 57. IF bandwidth as a function of the length of superconducting bridge38. 

It is clear that by shortening the length of the superconducting bridge, higher IF bandwidths 

can be obtained.  But due to strong dependence of the mixer gain and noise vs mixer bias 

voltage and current the Allen time is shorter for smaller mixers39. The contacts must be 

large and thick compared to the dimensions of the bridge and their thermal conductivity 
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should be high compared to the bridge. In order to prevent a thermal barrier at the ends of 

the bridge, the contacts must be made of normal metal. Due to the presence of 

superconducting gap in the contacts electrons with energy lesser than the gap energy are 

not diffused out but are Andreev reflected. This ensures that there is no transfer of charge 

without the transfer of heat. 

4.5 Noise Analysis 

The total noise power from a matched load including the quantum noise equivalent power 

according to Callen-Welton40 is 

 ( ) ( )
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-

 (57)  

 

Figure 58. Noise from a matched load according to Callen-Welton40. 

Referring to the above figure, ( )CW oP T  describes the noise power from a source delivered 

to a matched load. At T0=0 K, the source will radiate a noise power of 
2

hfB
. This is the 

quantum noise part and cannot be extracted as real power. The noise power can be 

transformed into an equivalent noise temperature 



96 

 

 

 ( )0

1
. .

2 2
1o

o
CW Planck ohf

kT

hf

kT hf hfB
T T P T

k kB
e

å õ
æ ö
ç ÷

å õ
= + = +æ ö

ç ÷
-

  (58) 

In order to determine the RF noise from the bolometer we must first understand the concept 

of hotspot mixing. The electronic hotspot is formed due to a combination of heating by DC 

and RF power. Modulation of the dissipated power in the microbridge by the application 

of a second small signal with a slightly different frequency, modulates the length of the 

hotspot, of which the length oscillates at the intermediate frequency. This is known as 

hotspot mixing38. 

 

Figure 59. Temperature profile inside the microbridge38. 

The approximate model accounting for such a situation is described by two resistances; RP 

represents the passive RF resistance zones of the bolometer and RA the zones, which are 

actively converting RF power to IF power. The passive zones are not only the central Hot-
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Spot zone, but also the zones between the hot-spot and the contacts that are 

superconducting. 

 

Figure 60. Equivalent circuit of a receiver41. 

The total noise power dissipated in RA for each sideband is given as 
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When the bolometer is matched at the RF, the quantum noise part is given as 
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  (60) 

Thus, the bolometer itself contributes to the single sideband RF noise with 

 ( ) ( ) ( ) / 2 ( ) / 2CW c Planck cP T P T hfB hfBº + º   (61) 

At THz frequencies and cT =10 K ( )Planck cP T  can be neglected. The total quantum noise 

limit for the matched bolometer case is 2(hfB) due to the fact that both sidebands contribute 

to the noise independently. 
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Figure 61. DSB receiver noise temperature and the contributions from optics and quantum noise41. 

Kolberg et al., predict that close to 50% of the total receiver noise temperature of the THz 

HEB receivers may be traced to quantum noise phenomena for frequencies in 5-10 THz 

range41. 

4.6 Summary 

For operating frequency under 1.2 THz and when cryogenic cooling is available, SIS 

mixers are the mixer of choice as they can work close to the quantum noise limit (hf/k). 

Schottky diodes work throughout the terahertz regime but have relatively high noise and 

require prodigious amounts of LO power. HEB mixers can operate from ~0.5 to 5 THz 

with sensitivity reaching ~10 times the quantum limit. They can support moderate IF 

bandwidths (~4GHz). HEBs are very sensitive to LO power variations, which often limits 

their Allan times to <20 sec.  
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Chapter 5: OASIS Receiver Architecture 

5.1 OASIS End-to-End Optics Loss Budget 

OASIS employs cryogenic superheterodyne receiver systems (SIS and HEB) with 4 

frequency bands ranging from 0.45 to 4.7 THz (660 ɛm to 63 ɛm). The receiver 

architecture is shown in Figure 58. The OASIS receiver system design is based on GUSTO 

Explorer balloon mission13.    

 

Figure 62. Block diagram of OASIS receiver architecture. 

Dichroics, beam splitters, and reimaging optics are needed to couple the beam from the 

intermediate focal point to the focal plane mixers. The telescope beam is spectrally split by 

a series of dichroics and coupled to their respective band mixers via coupling optics 

(ellipsoidal mirrors). The mixers downconvert the signal into intermediate frequencies (IF) 

in the microwave range. Cryogenic LNAs amplify the IF signal and pass it to an IF 
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processor at ambient temperature to be filtered. The filtered IF signal is sent their respective 

spectrometers and the resulting spectra are stored. 

Table 10. OASIS optics loss budget. 

Module Elemen

t 

Type Material  Loss Band 

1 

Band 

2 

Band 

3 

Band 

4 

A
1

 

C1 Canopy Transparent 

Kapton 

0.02 0.02 0.02 0.02 0.02 

A1 Reflector Aluminized 

Kapton 

0.01 0.01 0.01 0.01 0.01 

C
o

rr
e

c
to

r 

M2 Asphere Aluminum 0.01 0.01 0.01 0.01 0.01 

M3 Asphere Aluminum 0.01 0.01 0.01 0.01 0.01 

FL Field Lens Si 0.02 0.02 0.02 0.02 0.02 

M4 Flat: FOV 

scanner 

Aluminum 0.01 0.01 0.01 0.01 0.01 

M5 Asphere Aluminum 0.01 0.01 0.01 0.01 0.01 

M6 Asphere Aluminum 0.01 0.01 0.01 0.01 0.01 

M7 Flat Aluminum 0.01 0.01 0.01 0.01 0.01 

M8 Flat Aluminum 0.01 0.01 0.01 0.01 0.01 

M9 Flat Aluminum 0.01 0.01 0.01 0.01 0.01 

R
e

c
e

iv
e

r 

D1 Frequency 

Diplexer 

Mesh 0.05 0.05 0.05 0.05 0.05 

D2 Frequency 

Diplexer 

Mesh 0.05 0.05 0.05 0.05 - 

D3 Frequency 

Diplexer 

Mesh 0.05 0.05 0.05 - - 

B2 Beam Splitter Mylar 0.01 - 0.01 - - 

B3 Beam Splitter Mylar 0.01 - - 0.01 
 

B4 Beam Splitter Mylar 0.01 - - - 0.01 

F1 IR Filter Mesh 0.02 0.02 - - - 

F2 IR Filter Mesh 0.02 - 0.02 - - 

F3 IR Filter Mesh 0.02 - - 0.02 - 

F4 IR Filter Mesh 0.02 - - - 0.02 

M10 Flat Aluminum 0.01 - - - 0.01 

M11 Elliptical Aluminum 0.02 0.02 - - - 

  
 

Transmission 

efficiency 

  
0.68 0.69 0.74 0.78 

  
Aperture 

Efficiency 

  
0.922 0.909 0.844 0.701 

  
Transfer 

Efficiency 

  
0.63 0.63 0.62 0.54 

  
Membrane Area 

  
154 154 154 154 

  
Effective 

Collection Area 

  
96.6 96.6 96.0 84.2 

  
Requirement 

(10x Herschel) 

  
56 56 56 56 

  
Margin 

  
42% 42% 42% 34% 
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Estimates for the absorption and scattering losses associated with A1, the corrector module, 

and receiver optics are listed in Table 10. These values are included in determining the 

end-to-end transfer efficiency (ŮT) and EA of the system. The results are summarized in 

Table 10. The Aperture Efficiency in Table 8 was used to estimate the effective photon 

collection area while considering all the optical components depicted in Figure 43 and 62. 

Our analysis indicates a 14 m diameter OASIS meets mission science requirements with 

margin.  

Since OASIS receiver system design is based on GUSTO Explorer mission, the design and 

modeling of coupling optics for 1.46 THz (OASIS Band 2) GUSTO local oscillator (LO) 

optical path is discussed in the next sections. 

5.2 GUSTO Explorer Balloon Mission 

Galactic/Extragalactic Ultra Long Duration Balloon Stratospheric Terahertz Observatory 

(GUSTO) mission will survey the Milky Way and Large Magellanic Cloud in three 

important interstellar lines; [CII] at 158ɛm, [NII] at 205 ɛm and [OI] at 63 ɛm to 

understand stellar formation in interstellar medium (ISM) throughout cosmic time. 

GUSTOôs balloon borne, 0.85 m telescope and TeraHertz heterodyne array receivers will 

provide the spatial and spectral resolution necessary to probe all phases of interstellar 

mediumôs life cycle. The main telescope is an F/10 Cassegrain system with the front 

surface of the primary mirror coated with aluminum. The main telescope beam is a 

Gaussian beam and after passing through a dichroic mirror system it illuminates three 

mixers (F/21, F/28 and F/60). 
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Figure 63. Life cycle of ISM and the spectral lines used to probe its different phases. By probing [CII], [NII] an 

[OI] spectral lines, we can understand all the phases of ISM life cycle. 

 

Figure 64. GUSTO Payload 
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5.3 Design of 1.46 THz LO Coupling Optics 

5.3.1 LO Gaussian Beam Parameters 

Gaussian beam profile is given by 

 P(r) = P0

2

2

2

( )

r

zew
-

, (62) 

where r = Radial distance from propagation axis, 

z = Distance along the direction of propagation, 

P0 = On axis peak power, 

( )zw  = Beam radius. 

 

Figure 65. Left - Gaussian Beam Profile. Right - Cut through beam showing equiphase surfaces, radius 

of curvature, beam waist and beam radius42. 

The beam radius is defined as the distance from the beam axis at which the power drops to 

1/e2 of its on-axis value. 0w  denotes the beam radius at z=0 and is called the beam waist 

radius. The focus for the Gaussian beam is defined as being where beam radius is equal to 

beam waist radius. 

The asymptotic angle of growth of beam waist is given by 
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0

0

w

l
q

pw
=

, (63) 

where l = wavelength and 
0w   = Beam waist radius. 

From the Virginia Diode, Inc nominal horn specification sheet43, 
0w  for WR-0.65 over 

1100 to 1700 THz is given as 0.41 mm.  Knowing 
0w  and z, we can calculate the beam 

radius at z and the radius of curvature using 

 

0.5
2

0 2

0

( ) 1
z

z
l

w w
pw

è øå õ
é ù= +æ ö
é ùç ÷ê ú

 and (64) 
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2

01R z
z

pw

l

è øå õ
é ù= +æ ö
é ùç ÷ê ú

 . (65) 

For z = 12.5 mm, ɚ = 205.48 ɛm, 

 ( )zw  = 2.04 mm and R  = 13.03 mm  

From (63) 

0
9.06wq =  

5.3.2 Coupling Optics Parameters 

The Gaussian beam from the LO source is relayed to the beam splitter using a system of 

two ellipsoid mirrors. Consider an ellipsoid which is rotationally symmetric about its major 

axis. The length of major axis is 2a  and the minor axis length is 2b . The equation of the 

ellipsoid surface in Cartesian coordinates is given by 

 
2 2 2

2 2

x y z

b a

+
+  . (66) 
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The distances from the two focal points 
1F  and 

2F  to the point P  on the surface are 
1R  

and 
2R , where 

 
1 2 2R R a+ =  . (67) 

Also, 

 1 2 cos ib R R q=  , (68) 

where iq = Angle of incidence of the beam relative to the local surface normal. 

The eccentricity is given by 

 

0.5
2

2
1

b
e

a

å õ
= -æ ö
ç ÷

 , (69) 

and the separation of the foci is 

 0 2A ea=  . (70)  

 

Figure 66. Geometry of ellipsoid reflector. F1 and F2 are the focal points of ellipse, and R1 and R2 are the 

distances from the point P on the surface to the focal points. iq is the angle of incidence of the beam relative to 

the local surface normal42. 

For optimum focusing performance of ellipsoid, we must select the section of the ellipse 

where 1R  and 2R are equal to the input and output beam radius of curvature i.e., 




































































