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in which x and y are the axes of the beam and Tij are the second spatial derivatives of T. The 
Matrices Z, W, and X encapsulate the systematic distortions from an ideal, circularly-symmetric 
Gaussian beam. The various symmetries (e.g. dipolar, quadrupolar) of the beam distortions, as 
described in Section 3 couple to first and second derivatives of the underlying fields. For 
example, the monopole symmetric systematic related to differential gain can produce a non-
vanishing spurious polarization signal even if the underlying Q or U signal in that pixel is zero. 
Similar definitions hold for Q and U. First and second derivatives are obtained from simulated 
maps, and the simulations can be marginalized over many realizations to isolate the intrinsic 
effects of the systematic distortions. 

Given a realization of the underlying sky, simulations of the expected detector time-
ordered-data (TOD) streams are produced. Once the data streams are computed using the above 
equations, we project them onto maps using HEALPIX. For a given pixel, the set of the n 
samples that fall into this pixel is formed into a Stokes vector, called s. We then have: 
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In the above, the matrix A is the “pointing matrix” which maps time-ordered data to map pixels. 
To reconstruct I, Q and U, we invert the above expression by performing a least square 
minimization, using standard matrix techniques, yielding three synthetic 
maps

  
(I,Q,U) = AT A( )−1

AT r 
s  . These maps can then be used to synthesize maps of E and B-mode 

polarization, from which power spectra are produced. To study EPIC’s susceptibility to main-
beam distortions the process is repeated for varying systematic effect levels.  
 
Appendix B.  Alternative Optical Designs 

The crossed-Dragone design (also known as a compact range antenna) offers a number of 
advantages when compared to its Gregorian counterpart. A crossed-Dragone design is a 
Cassegrain telescope with a decentered entrance aperture that satisfies the Mizuguchi-Dragone 
condition.  An example designed for EPIC-CS is shown in Figure B.1.  The system consists of 
two reflectors that feed the radiation directly into the focal plane. A HWP is placed just in front 
of the focal plane (not shown in the figure).  

In the crossed-Dragone the radii of curvature of the mirrors are much less severe than for a 
Gregorian system of comparable size and f/#.  This reduces both instrumental and cross-
polarization systematic effects, and also diminishes the effect of aberrations; the aberration 
performance and polarization properties of the system are given in Table B.1 and B.2.  
Furthermore, the focal plane of the crossed-Dragone is nearly flat (focal plane radius of 
curvature ~ 32 meters) and telecentric (deviations of ~ 1° from telecentricity at the edge of the 
field of view), thus eliminating the need for refractive re-imaging optics that would otherwise be 
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needed to meet these conditions. As a result, it is possible to achieve a single, large deeply 
diffraction limited field-of-view without any additional lenses. This is a substantial advantage 
relative to either the Gregorian system, which requires a number of relay lenses, or the refractor 
design, which is monochromatic. 

One major tradeoff in a fully reflective crossed-Dragone design is that the primary mirror 
itself is the only natural stop in the system.  This necessitates that the perimeter of the primary 
mirror be surrounded by a black surface that is as cold as possible, and that the focal plane be 
more sparsely populated in order to control spillover without a cold stop.  In the crossed design 
we use a focal plane spacing of d = 3.25(f/#)λ to achieve a similar spillover as in the 2(f/#)λ 
spacing of the Gregorian or refractor designs that have cold stops.  This spacing, along with an 
oversized primary, limits the entrance aperture size that will fit into an Atlas-5 launch vehicle.  
The crossed entrance aperture is 2.0 m, compared to 2.8 m for the Gregorian design. Because of 
the potential advantages of the crossed Dragone design it is worthwhile to study carefully the 
trade-offs between aperture size, focal plane spacing of detectors, beam spill-over, beam size, 
scientific return and overall technical challenge. The crossed-Dragone provides substantial 
simplicity in implementation relative to the Gregorian design, but with somewhat coarser angular 
resolution.  

A second trade-off with the crossed Dragone design is the proximity of the incident beam to 
the secondary and to the focal plane. If such a design is chosen as candidate for a future mission 
careful attention should be given to these constraints and to diffraction they may cause.  

 
Figure B.1: A crossed-Dragone system with 200 cm open aperture for EPIC-CS. This system can fit inside an Atlas 
V shroud, but a larger aperture system would not fit. This system provides an achromatic, nearly telecentric, and 
diffraction-limited field of view with low instrumental and cross-polarization without any lenses.  
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Table B.1 Parameters for EPIC Crossed-Dragone Optics 
Frequency 

[GHz] 
Throughput1 

[cm2 sr] 
FOV2 
(deg) 

Strehl 
Ratio3

30 31 10.2 0.99 
45 56 8.4 0.98 
70 63 7.1 0.96 
100 45 5.3 0.97 
150 24 3.5 0.97 
220 8.2 1.9 0.99 
340 1.5 0.9 0.99 
500 0.6 0.5 0.99 

 
1 Defined as the product of throughput per pixel (λ2) and the total number of pixels at a given frequency. A pixel on 

the focal plane contains two polarization sensitive TES detectors. 
2 Pixels are arranged on a square grid with a circular boundary. We give the cumulative outer diameter of the FOV. 

The lower frequency pixels are arranged in annuli around the higher frequency ones. 
3Ratio given at the outermost diameter of the frequency band. 
 
Table B.1: Lowest Strehl ratios provided by the Crossed-Dragone telescope at the edge of the FOV for each of the 
frequency bands. Strehl ratios larger than 0.8 are considered diffraction limited.  Note that the required number of 
detectors and associated detective throughput is the same as the EPIC-CS Gregorian Dragone summarized in Table 
6.3.1.  Compared to the Gregorian design, the Crossed design has much larger FOV, due in part to a smaller primary 
but mostly due to the larger spacing between pixels, 3.25 fλ instead of 2 fλ. 
  

Table B.2.  Polarization Properties of the Crossed-Dragone 150 GHz Band 
Matrix Element Level 

IQ 1.5 x 10-4 
IU < 1 x 10-5

QU 0.00563 
 
Table B.2: Mueller matrix elements for the edge of the field of view of the 150 GHz band of the 2 meter aperture 
EPIC Crossed-Dragone telescope.  A mixing of QU at the level shown would rotate an incident polarization vector 
by 0.16 degrees. The finite conductivity of the surfaces is included in the calculation. 
 
Appendix C.  Mechanical Calculations for Deployed Sunshield 

Given the deployed configuration of the sunshade, analytical tools were used to design 
the structure to meet the given requirements in Table 6.7.1.  This section will present the 
developed analytical tools used to design this sunshade.  Resulting specifications are given in 
Sections 5.7.6 and 6.7.8.  The general design methodology is to first design the structure to meet 
the natural frequency requirements, then design the spreader bars, and finally check the buckling 
behavior of the lenticular struts.  If the factor of safety requirement on buckling load is met, then 
no further work is required.  However, if the buckling requirement is not met, then the strut must 
be redesigned not to buckle.  While this redesign will surely meet the dynamic requirement, a 
calculation should be made to ensure that the fundamental frequency requirement of the 
buckling-re-designed strut is met.   
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C.1 Lenticular Geometry Analysis  
 The geometry of the lenticular strut shown in Fig. 6.7.4 has many parameters, but for a 
given thickness, t, and tab length, B, a cross section is specified uniquely by any two of H, W, or 
R.  The relationships between these parameters are 
 

2
WR −=λ       (C.1) 

( )2242 λ+−= RRH             (C.2) 
 

It is also useful to define the flatness ratio, f, for the lenticular geometry: 

R
f λ

=               (C.3) 

 
Deployable lenticular struts should be moderately flat, which implies an f value between about 
0.4 and 0.610.  The last parameter of interest is the angle θ , given as 
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For the present EPIC study, the lenticular cross-section has a linearly tapered height, H, which is 
specified along with the constant radius, R, as the height of the strut will be limited by the 
spacing between the V-groove radiators and the radius by mission requirements.  The remaining 
parameters can then be calculated and used in the subsequent mechanical analysis.  The 
nonlinear nature of Equations C.2 and C.4 shows that while H tapers linearly, W and θ do not.  
Such relationships are used subsequently when the density and moment of inertia are calculated 
along the length of the strut. 

C.2 Mechanical Analysis 
With the relationships between the lenticular strut cross section design variables, the next 

step in the structural design is an analysis of the natural frequency to size the cross section of the 
lenticular struts so that the sunshade meets the fundamental frequency requirement.  A Rayleigh-
Ritz procedure13 is used, which involves selecting a shape function for the in-plane displacement 
of the lenticular strut cantilevered from the central hub that meets the geometric boundary 
conditions at the fixed end (displacement and slope equal to zero).  The selected shape function 
is 
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i
i

itau
1 2

cos1 πξ            (C.5) 

 
where ξ=x/L is the normalized spatial variable along the length of the strut with length L, ai(t) 
are time-dependent scaling parameters, and N is the number of terms to include in the shape 
function.  Increasing the value of N increases the number of calculated natural frequencies as 
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well as the accuracy of the predicted values.  Using this equation along with Hamilton’s 
Principle results in the standard eigenvalue problem for structural resonances: 
 

( ){ } 02 =− aKM ω          (C.6) 
 

Here, M is the mass matrix and K is the stiffness matrix.  The determinate of the term in 
parentheses in Equation C.6 provide the natural frequencies, ω, of the system, while the nonzero 
vector {a} gives the linear combinations of the shape functions from Equation C.5 that 
approximate the true eigenvectors.  The mass matrix for a single sunshade is  
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is the density per unit length of the strut, ρ is the strut material density, ρm is the density of the 
reflective film, mtip is the tip mass of the strut (20% of the beam mass plus the mass of the 
spreader bar, as calculated later), n is the number of lenticular struts (6 for EPIC) and a subscript 
0 refers to a cross-section parameter at the root/base of the strut.  This model assumes that the 
film mass is distributed evenly along the length of the strut.  The stiffness matrix for in-plane 
motion of the sunshade is 
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where the moment of inertia about the bending axis is  
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A computer program was written, where the material properties and selected lenticular geometry 
was input, and the resulting natural frequency of the sunshade calculated.  The program is used 
iteratively, varying the geometry until the required natural frequency is obtained.   

C.3 Stress Analysis of Spreader Bar 
The loads imparted to the spreader bars are due to the tension in the membrane film 

layers.  From Fig. 6.7.6, a free body diagram of these loads is constructed in Fig. C.1.  Since the 
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bottom membrane attaches close to the spreader bar pivot at the end of the lenticular strut, its 
load contribution creates a small moment, and therefore has not been included in this analysis.   

 
Figure C.1: Free Body Diagram of the Spreader Bar. 

 
For EPIC, the values of α2 and α3 are 5° and 10°, respectively.  To determine α1 the 

loads, the geometry of the sunshade, shown in Fig. 6.7.8, must first be determined14,15. 
 

 
Figure C.2: Sunshade Geometry for Bottom Sunshade Layer. 
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Given a uniform stress in the membrane film, σ, the force imparted to each spreader bar by the 
film is 
 

3,2,11 == itRF ii σ              (C.12) 
 

Here, i denotes the sunshade layer number, as specified in Figure 11.  From Figure C.2, R11 is 
known from the required diameter of the sunshade; however, the length of the lenticular struts is 
not equal to R11.  Likewise, R1i is the distance from the center of the V-groove to the closest 
scalloped-edge point for the ith sunshade layer.  The distance from the center of the V-groove to 
the tip of the lenticular strut is  
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while the actual length of the strut is shorter by the radius of the V-groove, or 
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where dVgroove is the diameter of the V-groove radiator.  For the middle and top layers,  
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where d is the center-to-center spacing of the V-groove radiators.  a2 and a3 are found by adding 
the radius of the V-groove radiators to L2 and L3, respectively.  Also, for the top and middle 
layers,  
 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

3
2

2
3

212
haR                   (C.17) 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

3
2

2
3

313
haR                   (C.18) 

 
At this point, Equation C.12 can be used to find the force resultants for the membrane layers.  
The force required by the spreader bar cable is  



 

-181- 

 

1

2233

sin
sinsin

α
αα FF

FSBcable
+

=            (C.19) 

 
where   
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and the length of the spreader bar cable is  
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where SB1, SB2, and SB3 are segment lengths of the spreader bar defined in Fig. 6.7.7.  The 
geometry of the sunshade specifies that the length of the spreader bar segments be 
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The length of SB1 must be selected to ensure proper stowage along side the telescope 

during launch, and so that the stress level in the spreader bar does not exceed the factor of safety 
requirement on bending strength.  For the 22-m diameter sunshade (scallop-to-scallop diameter), 
SB1 is chosen to be 0.5-m. 
 With the known forces and distances from Fig. C.1, one can calculate the moments about 
the spreader bar pivot point: 
 

( )( )32333 45cos SBSBFM +−= α             (C.24) 
( ) 2222 45cos SBFM α−=                  (C.25) 
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The bending stress in the spreader bar due to these moments is 
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The radius of the spreader bar is determined from the maximum viewable cross sectional area 
requirement in Table 6.7.1.  The thickness is chosen to meet the factor of safety on strength 
requirement, which is 
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where the allowable stress for S-glass is 1.7-GPa.  S-glass is chosen because its low conductivity 
will minimize heat transfer from the warmest to the coldest shield. 

C.3 Sunshade Area 
Most of the geometry of the sunshade has been presented, except, the edge scallop of the 

sunshade between the struts is found by solving for R2i and φi simultaneously14 from 
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At this point, the area of the three sunshade layers can be calculated as 
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C.4 Buckling Analysis 
From the free body diagram of the spreader bar in Fig. C.1, the compressive load on the 

lenticular strut is 
 

1112233 coscoscos RtFFFF SBcableLenticular σααα +++=    (C.31) 
 

The Euler buckling load for a cantilevered beam is  
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For a calculated compressive load in the strut, the factor of safety against buckling is 
 

lenticular

Euler
buckling F

F
SF =..              (C.33) 

 
If this factor of safety does not meet the requirement, then the necessary moment of inertia, I, for 
the beam is calculated by applying the required factor of safety to the buckling load in Equation 
C.32.  This new moment of inertia is then used to determine the new required lenticular 
geometry, and the mechanical analysis is performed again to ensure that the fundamental 
frequency requirement is met.  For EPIC, the struts tended to be driven by the buckling load, not 
the frequency requirement.  



 

-183- 

C.5 Stress Analysis of Lenticular Strut in 1-g  
This section of the appendix gives the equations used to determine if the 22-m diameter 

EPIC sunshade can be deployed and tested on the ground in a 1-g environment.  For the 
geometry in Fig. 6.7.12, the maximum deflection of the strut occurs at the free end.  The 
deflection due to the distributed load is  
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wLy ddistribute 8
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while the deflection due to the tip load is  
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These tip deflections add together to give the total deflection for the loading scenario in Fig. 
6.7.12.  The compressive stress at the bottom of the lenticular strut is  
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where H is the height of the lenticular cross-section.  The local wall-buckling stress for a thin-
walled tube of radius R and wall thickness t with no imperfections is 
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The factor of safety against local wall-buckling is then simply 
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For the case where the struts are gravity-offloaded, the beam deflects in a pinned-cantilevered 
manner, and the maximum deflection occurs at 0.4215L from the pinned end with a value of  
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Appendix D.  Telemetry Link Budget Calculations 

The focus of the Telecom study was to provide spacecraft antenna options along with 
possible ground options.  As the study progressed, an option to reduce antenna complexity with 
low data rate was also studied.  The telecom study included telescope options listed below: 

a. An EPIC-LC mission (X-band downlink @ 4Mbps with gimballed antenna) 
b. An EPIC-CS mission (Ka-band downlink @ 20Mbps) 
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c. An EPIC-LC mission with low data rate (X-band downlink with bi-conical antenna). 
This report provides Telecom inputs and summarizes various X-band and Ka-band data 
downlink options. 

D.1 Telecom Requirements 
The EPIC spacecraft orbits around the L2 Lagrange point.  The spacecraft’s spin axis is 

45 degrees tilted from Earth-Sun line.  The spin occurs at ~1 rpm and the system precesses at ~1 
revolution per hour.  The spacecraft orientation and spin is shown in Fig. D.1. 

 
Figure D.1.  Spacecraft Orientation, spin and precession angles. 
 

The telecom requirements for EPIC based on an earlier TeamX Study were 4 Mbps 
downlink @ X-band for EPIC-LC and 20 Mbps downlink @ Ka-band for EPIC-CS.  The goal 
for the Telecom effort was to study antenna pointing requirements and determine various 
spacecraft antenna and ground network options.  This was achieved by performing simulations 
for antenna pointing requirements followed by various link analyses by changing various 
parameters in the link such as space craft antenna, spacecraft amplifier, and ground station to 
determine possible downlink data rate. 

The frequencies used for EPIC mission will be near earth frequencies and not DSN 
frequencies since range for the EPIC mission is less that 2x106 km.  The X-band frequency is 
limited to 10 MHz, limiting the downlink data rate to 4 Mbps thus the need to use Ka-band for 
any option requiring a downlink data rate greater than 4 Mbps.  The near earth X-band or Ka-
band frequencies are not channelized (per Frequency Allocation group at JPL) as in the case for 
Deep Space frequencies, thus use of these frequencies will require coordination with other 
programs. 

With a standard antenna, EPIC needs a 2-axis gimbaled drive due to the spinning and 
precession of the spacecraft.  There was a need to study the antenna pointing requirements and 
determine if there were other antenna options which can possibly eliminate the gimbals.  Also, 
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based on various telecom options a link analysis was performed to determine possible downlink 
data rates. 

To determine the antenna pointing requirement a simulation model for EPIC spacecraft 
trajectory with spinning and precession was built on the Satellite Orbit Analysis Program 
(SOAP) tool.  Three ground stations, with one at each DSN site were modeled.  The spacecraft 
communication antenna was modeled and was pointed towards Earth Nadir. A simulation was 
executed to determine the antenna pointing requirements.  The angle between antenna pointing 
axis and the spacecraft spin axis was recorded.  The results show the effect of the spacecraft 
spinning, precession and the Halo orbit. 

Fig. D.2 shows the angles between the spacecraft spin axis and antenna pointing axis as 
generated by SOAP.  The plot on the left labeled as 702AnglePrecToEarthNadir, shows the angle 
variation along the elevation axis.  What is seen is that antenna pointing is 45 deg off the 
Spacecraft spin axis and goes thru a variation with +/-10 deg (worst case) due to the effect of 
precession and halo orbit (note this is with a larger halo orbit, but has now been reduced to +/- 2 
deg).  The shaded region in the plot shows the effect of the precession and its details are seen in 
Fig. D.3, including the de-spin affect on the azimuth axis. 

 

Angle variation due  to Halo Orbit Angle variation due to spin @ 1rpm
Angle variation due  to Precession

EarthEPIC-SCHalo Orbit

 
Figure D.2:  SOAP antenna pointing results (effects of halo orbit, precession and spin).  Note that the angle variation 
is computed for an earlier orbit with a significantly larger halo diameter. 

 



 

-186- 

Cone Angle shows near term oscillating effect due to precession

 
Figure D.3.  SOAP antenna pointing result (effect of precession). 
 

The SOAP results indicate that there are 3 options for the spacecraft antenna which are as 
follows: 

a. Earth Nadir pointed HGA requiring continuous 2-axis control 
- Axis-1 to counteract the spin-affect of the spacecraft at a rate of 360deg/min. 
- Axis-2 to continuously point antenna to Earth Nadir at a rate of 0.33deg/min 

b. Earth Nadir Pointed antenna with wider beamwidth of 21.4 deg requiring continuous1-
axis control for to de-spin.  This option is applicable to EPIC-LC at low data rates. 

c. A bi-conical antenna pointing in the direction of spin axis.  Antenna pattern starts 35 deg 
from spin axis to 55 deg from spin axis.  This option is also applicable for the EPIC-LC 
low data rate case.  (Note that this option has now been revised based on a smaller orbit, 
and a higher antenna gain). 

D.2 Specifications 
After the SOAP simulations, link analysis was performed along with various spacecraft 

antenna, amplifier and ground network options to determine the feasibility of the link and 
achievable data rates.  Table D.1 shows the link analysis results performed for the X-band 
downlink 
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Table D.1.  X-band Downlink Performance Summary 
Pointing Option AntType AntSize

(m)
Mass

(kgms)
AntBW
(deg)

Ant Gain
(dB)

SC-Amp
(W)

GndStation Gnd-Gain
(dB)

DataRate
(Mbps)

Comments

2-axis Control Dish 0.4 6.9 7.47612426 28.3825333 13 12m 58.65 4 TeamX results
Dish 0.5 6.6 5.98089941 30.3207335 5 34m 68.29 4 TeamX results

DSN-Array 4 Don't need DSN array

1-axis Control Dish 0.14 9.1 21.360355 19.2638941 70 12m 58.65 4 TeamX Results
0.14 7.1 21.360355 19.2638941 10 34m 68.29 4 34m option studied and is feasible

DSN-Array Don't need DSN array

Annular Pattern 
(18 element 
antenna network)

Dish 0.14 24.1 21.360355 19.2638941 70 12m 58.65 4 Use horn for 1G option with total of 18 elements 
to cover 360deg.  There will be switching network 
in the backend to switch between antennas.  This 
will require switching algorithm and knowledge of 
the earth with inputs provided from ACS.  This 
option requires a complex switching network with 
estimated mass of about 15kgms.

0.14 24.1 21.360355 19.2638941 10 34m 68.29 4 Same as above
DSN-Array 4 Don't need DSN array

Single Annular 
Antenna

Horn 289x175mm 9.7 20.5 5 100 12m 58.65 0.197 Biconical antenna as designed by Aluizio with 
20.5 deg HPBW provides 5dB antenna gain

289x175mm 9.7 20.5 5 100 34m 68.29 1.83 Biconical antenna as designed by Aluizio with 
20.5 deg HPBW provides 5dB antenna gain

DSN-Array Don't need DSN array  
TeamX
Study

Other
Options

LowRate
Option

DSN-Array
Option

Not
Needed

Not
Feasible   

NOTES:   
1.  Mass estimate includes Antenna, Amplifier, Radio, Switching network (if applicable) and other misc components as stated in  
TeamX.  The mass estimates do not include the mass for the gimbals. 
2.  DSN-array is currently not a project.  The rule of thumb for DSN-array is to use < 50% of total elements which amounts to 200. 
3.  Antenna gain for bi-conical antenna is based on theoretical estimates provided from antenna team and requires further analysis to provide 
more accurate inputs. 

 
A 12m ground antenna suffices for X-band downlink at 4 Mbps with a 2-axis or 1-axis 

antenna pointing mechanism.  In the case where there is a need to avoid any pointing 
requirement on the spacecraft antenna, a single bi-conical antenna with a 12 m ground antenna 
will require a reduction in the data rate to about 197 kbps.  The other option is to use a 34 m 
ground station which supports 1.83 Mbps downlink as seen above. 
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Table D.2 Ka-band Downlink Performance Summary 
Pointing Option AntType AntSize

(m)
Mass

(kgms)
AntBW
(deg)

Ant Gain
(dB)

SC-Amp
(W)

GndStation Gnd-Gain
(dB)

DataRate
(Mbps)

Comments

2-axis Control HGADish 0.8 8.9 1.21487019 44.165466 10 12m 68.4 20 TeamX results
0.8 5.7 1.21487019 44.165466 5 34m 76 20 34m option studied and is feasible
0.8 8.7 1.21487019 44.165466 5 34m 76 60 Other 34m options to reduce tracking time
0.8 8.9 1.21487019 44.165466 10 34m 76 121 Other 34m options to reduce tracking time

DSN-Array 20 Don't need DSN array for 2-gimbal option

1-axis Control Horn 0.04 24.2974038 18.144866 4000 12m 68.4 20 Option not feasible, since the maximum amplifier 
assumption is 100W (project input)

Horn 0.04 8.4 24.2974038 18.144866 100 12m 68.4 0.5
Horn 0.04 24.2974038 18.144866 800 34m 76 20 Option not feasible, since the maximum amplifier 

assumption is 100W (project input)
Horn 0.04 8.4 24.2974038 18.144866 100 34m 76 3.4
Horn 0.04 24.2974038 18.144866 10 DSN-Array 95.4 20 Option not feasible since it requires DSN-array 

with 661 elements --> Max elements is 400
Horn 0.04 8.4 24.2974038 18.144866 100 DSN-Array 85.4 20 Option feasible w/ 70-element DSN array.  

Important to remember that DSN-array is not a 
project and a backup option will be required if 
Array is not ready by the time of this project

Annular Pattern 
(20 element 
antenna network)

Horn 0.04 24.2974038 18.144866 4000 12m 68.4 20 Not feasible

Horn 0.04 23.9 24.2974038 18.144866 100 12m 68.4 0.5 Low Rate Option
Horn 0.04 24.2974038 18.144866 800 34m 76 20 Not feasible
Horn 0.04 23.9 24.2974038 18.144866 100 34m 76 3.4 Low Rate Option
Horn 0.04 23.9 24.2974038 18.144866 100 DSN-Array 85.4 20 Use horn for 1G option with total of 20 elements 

to cover 360deg.  There will be switching network 
in the backend to switch between antennas.  This 
will require switching algorithm and knowledge of 
the earth with inputs provided from ACS.  This 
option requires a complex switching network with 
estimated mass of about 15kgms.

Single Annular 
Antenna

Horn 335x231mm 10.3 20 10 100 12m 68.4 0.078 Conical antenna with 20deg BW can provide 
about 10dB antenna gain.  

335x231mm 10.3 20 10 100 34m 76 0.5 Conical antenna with 20deg BW can provide 
about 10dB antenna gain.  

335x231mm 10.3 20 10 100 DSN-Array 85.4 3.9 This option requires 70 element array of the DSN-
array

335x231mm 10.3 20 10 100 DSN-Array 92.5 20 This option requires 300 element array of the 
DSN-array  

TeamX
Study

Other
Options

LowRate
Option

DSN-Array
Option

Not
Needed

Not
Feasible  

NOTES:     
1.  Mass estimate includes Antenna, Amplifier, Radio, Switching network (if applicable) and other misc components as stated in 
TeamX.  The mass estimates do not include the mass for the gimbals. 
2.  DSN-array is currently not a project.  The rule of thumb for DSN-array is to use < 50% of total elements which amounts to 
200 
3.  Antenna gain for biconical antenna is based on theoretical estimates provided from antenna team and requires further analysis 
to provide more accurate inputs. 
 
Ka-band downlink requires 2-axis control to support a 20 Mbps downlink.  There are other data 
rates that can be supported by 2-gimbal spacecraft antenna by using a 34 m ground station.  20 
Mbps can be supported with a 5 W amplifier and a 34 m ground station with about 7 dB link 
margin.  The data rate can be increased to 60 Mbps with the same uplink and downlink scenario 
but reducing the link margin to 2.2 dB.  The final scenario is to increase the amplifier to 10 W 
and double the data rate to 121 Mbps.  These data rates are feasible at Ka-band since Ka-band is 
not band-limited like X-band.  The other options for Ka-band link are to use either 1-axis 
spacecraft antenna or a Ka-band bi-conical antenna but either option requires DSN-array ground 
network.  A DSN-array is currently not a project and future plans are not well understood. 
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