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e Technology for active feeds for geostationary satellites
e K/Ka-band

e Users

— Independent of terrestrial infrastructure
— Airplanes

— Ships (cruise liners or cargo vessels)
— Camper, mobile homes

— Disaster management
— Rural / lower developed regions
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* High-throughput satellite
— Multispot-beam
— Four color scheme
— High gain antenna

=>» Higher capacity through frequency reuse
e Multiple feed per beam

— Overlapping beams

— Shared feed antennas

f1 1-2

RHCP '
LHCP )

BSB=250 MHz BSB=250 MHz
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» Scenario

— f=19GHz, B =250 MHz

— Free space loss: distance 35,700 km < R < 41,700 km
— Rain attenuation (ITU-R P.618-10)

— Transmit antenna gain: G, > 42 dBi

— User terminal: G/T = 20 dB/K

— 4 QAM modulation

(255,233)-RS coding
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* 99.5% availability (2 days p.a.)

e Here:
— EOC-gain E
— Full bandwidth used

e 50 W per beam

Latitude

e Adaptive coding & modulation
can increase availability

£
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o]
w N
20° 0° 20° *80° 100°
West Longitude East
: N Slide 7
WMO07 New Developments for Satellite Communications on the Move of 31

TUHH

Hamburg University of Technology

EuMW 2016
CNR (dB)
16
e Example: 19 beams
Pbeam =50 W 14
* CNR =10.5dB required 12
5
= 110
©
— 18
16
4
£20°
= 2
20° 10° 0° 10° 20° 30° 40°
West Longitude  E&st 0
. L Slide 8
WMO7 New Developments for Satellite Communications on the Move of 31

5



3%
b

i

Results TUHH

Hamburg University of Technology

EuMW 2016

Microwaves Everywhere

e Approx. 50 W per beam required
e 7 feeds per beam

e 7.1 W perfeed

* Shared PAs for shared feeds

=» SSPAs in GaN technology
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e MFB Architectures

Slide 10

WMO7 New Developments for Satellite Communications on the Move of 31

6



Architecture Considerations TUHH

Hamburg University of Technology

EuMW 2016

Microwaves Everywhere

e SSPAs directly at antenna ports

e High power region (antennas, polarizers):
waveguide technology Planar divider

4

— Low loss

Amplitude
and phase
control

— High power handling capability

Sharea
SSPAs

Planar active modules

Polarizers and

\ antennas /

[1] C. Rave, A. Jacob: MiKon 2016
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* Low power region (beam forming network):
planar technology

Planar divider \

— Low impact on total efficiency

s
— Low heat, relaxed thermal management Lﬁ 1N
— PCB technology: small form factor, light E Amplitude
weight ° 222{,%}&58
e Phase and amplitude control S \_ )
* Reconfigurable feed g Shared
* Reflector steerable Al : SRPAS

oy =
/

Polarizers and
antennas

[1] C. Rave, A. Jacob: MiKon 2016
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[2] C. Rave, A. Jacob: GeMiC 2015

e 1:7 power divider
e Planar technology

— @¢=7/mm

— h=0.5mm
* 9 GHz bandwidth
e <3.4dBloss

=~ Measurement
— — Simulation

e 04450 0.3mm &
RO 400: 2 mm

Feed-vias Input-layer  Via-fence

.35 —
8 10 12 14 16 18 20 22 24 f(GHz)
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L. . [2] C. Rave, A. Jacob: GeMiC 2015
Jl Planar dividers

Thermal
management

Waveguide
transition

4

[3] C. Rave et al.: ESA Workshop on Advanced Flexible Telecom Payloads, 2016
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* GaN Power Amplifiers
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Watt-level output powers at K-band demonstrated with .
GaN .
Reliability evaluated and improved (ESA GREAT?)
o X-band transmitter on Proba-V

European GaN process for space needed
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o SSPA output power requirement depends on the active antenna architecture
o Demonstrator designs:

- 1-5 W for high element count arrays
- 5-10 W for lower element count, MPMs

o TTC applications with large ground segment antennas require lower radiated
powers =2 GaN MPMs

o Technology: Fraunhofer IAF 250 nm AlGaN/GaN on SiC
- Breakdown voltage > 120 V
- f,>28GHz
— f,x > 60 GHz
-~ P, =5W/mm @ 10 GHz

Slide 17
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o 4 W demonstrator design
« Ongoing: integration

input matching inter-stage output matching
network matching network network
1

S—parameter Magnitude (dB)

T 16 18 20 22 24 26
DC biasing / supply and low-frequency bypass capacitors Frequency (GHz)

[4] C. Friesicke et al.: A Linear 4W Power Amplifier at K-Band Using 250nm AlGaN/GaN HEMTSs, 8th European
Microwave Integrated Circuits Conference, 2013
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o 4 W demonstrator design

« Ongoing: integration —o— "par —o0— P —2—G¢
input matching inter-stage output matching 40
network matching network network

-~

Power (dBm), Gain (dB), PAE (%)

15 =2 Y — —lsTdB L

- T T = = ; :

-~ ==
]U_, ............................. s —y
L~

5 ..........................................

L J U * * . ; : ;
T 14 16 18 20 2 24 26 28

DC biasing / supply and low-frequency bypass capacitors Available Input Power (dBm)

[4] C. Friesicke et al.: A Linear 4W Power Amplifier at K-Band Using 250nm AlGaN/GaN HEMTs, 8th European
Microwave Integrated Circuits Conference, 2013
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o Demonstrator developed in LEVERAGE/LEVERAGE-2 projects
o Two-stage design with aggressive staging ratio

« Design targets for matching: high PAE

« 2"d harmonic termination for final stage

o Ongoing: demonstrator integration

[5] C. Friesicke et al.: A 40 dBm AlGaN/GaN HEMT Power Amplifier MMIC
for SatCom Applications at K-Band, International Microwave Symposium 2016
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Measurements — Small Signal

More than 20 dB gain @ 25
18.2 GHz 5
30/37 cells of 4” wafer .
Very good yield and =
homogenity = =
@ 5
@
E o0
2
£ -5
%)
25, [y | TOOTPNOeRtpisy, il
-15
=20
10

Frequency (GHz)

[5] C. Friesicke et al.: A 40 dBm AlGaN/GaN HEMT Power Amplifier MMIC
for SatCom Applications at K-Band, International Microwave Symposium 2016

Slide 21

WMO7 New Developments for Satellite Communications on the Move of 31

¥

: TUHH

Hamburg University of Technology

EuMW 2016

Microwaves Everywhere

o P between 39.6 and 40 dBm =

. (between 9 and 10 W) 351

o Power density >3 W/mm 30|

o Peak PAE between 28 and 32 %
(@7.5 dB compression)

« lLarge signal gain 13.5 dB

Bgupm 15}
=
10

o—o Qutput Power (dBm)
5 &4 Transducer Gain (dB) H
: o—0 PAE (%)
0 A 1 A 3 ¢ L
0 5 10 15; 20 25 30
Available Input Power (dBm)

[5] C. Friesicke et al.: A 40 dBm AlGaN/GaN HEMT Power Amplifier MMIC
for SatCom Applications at K-Band, International Microwave Symposium 2016
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- Technology | Ref. / Year

—23GHz 37dBm 48% 16.7 dB A5 um GaN  [6] (2012)
20 GHz 33dBm  40% 11 dB 25 um GaN  [7] (2012)
22 GHz 36 dBm  34% 16 dB 25 um GaN  [4] (2013)
18-20GHz 31dBm 22% 20 dB 25 um GaN  [8] (2014)
2-18GHz 37dBm 20% 22 dB A5 um GaN  [9] (2014)
6-18GHz 40dBm 15% 20 dB A5 um GaN  [10] (2015)
18-19GHz 40dBm 30% 20 dB 25 um GaN  [5] (2016)
Not many published GaN HPAs at lower K-band g 2
e [6] 5 Watt Doherty by TriQuint/Qorvo - already mid K-band

e [9], [10] are TWAs by TriQuint/Qorvo - optimized for bandwidth, not PAE &
* [4], [7], [8] are previous results from TUHH / Fraunhofer IAF

[5] C. Friesicke et al.: A 40 dBm AlGaN/GaN HEMT Power Amplifier MMIC
for SatCom Applications at K-Band, International Microwave Symposium 2016
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* Power Amplifier Integration
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* GaN power amplifier
— Moderate efficiency (7,,;=0.2 .. 0.4)

— Thermal management, thermal expansion critical
10

MMIC T
6 -
Toc s
4 s
Package

T,<50°C =

=>» Multiple MMICs, power combining

Slide 25
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Thermal conductive adhesive
>7 W/m/K .
Heat Pipe
Solder Heat spreader
WCu, 200 W/m/K

MMIC Base
WCu, 200 W/m/K

MMIC
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Lﬁ =1.4 K/W

<71.24°C
15W

Measured = 1.45 K/W
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e Conclusion
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* High throughput satellite

— Multi spotbeam, frequency reuse

— Multiple feed per beam antenna

— Low power per feed allows for use of SSPA technology
e GaN SSPA technology

— 4 W and 10 W demonstrated

— Peak PAE>30%
* SSPA integration

— Thermal management concept

Slide 29
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mmW solutions. Enabling a new world

/inokiwave - prpose of Presentation

* SATCOM applications can benefit from AESA (Active
Electronically Steered Antenna) technology

e Overview of AESA fundamentals and challenges

* Show how planar solutions at 20/30 GHz require increased
functional integration

* |llustrate how the capability of silicon technologies can provide
a platform for this integration, and in doing so, enable other
enhanced performance possibilities

e Show examples of SATCOM ICs that demonstrate the requisite
functions for successful deployment of mmW AESAs
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mmW solutions. Enabling a new world

Multiple SATCOM Applications Can
Benefit from AESA Technology

* Fixed UTs that auto-point at GEO satellites

* Fixed UTs that track MEO/LEO satellites

* Mobile UTs that track GEO/MEQO/LEO satellites
* Feed arrays that illuminate reflector antennas

mmW solutions. Enabling a new world

ANOKIWAVE \n/hy mm\W AESAs for SATCOM?

* AESA advantages
* No moving parts, high reliability <
e Soft failure mechanism N
* Low profile, small size and lightweight
* Flexibility to meet regulatory compliance (sidelobes,
etc.)
* mmW AESAs

* Short wavelengths mean many antenna elements
can be located in compact, highly directive
apertures

19



/nokiwave  AFSAs for Emerging
SATCOM Applications

AESAs traditionally use brick type TRMs installed
orthogonally to the array

*  MMIC/discrete-hybrid assemblies in machined metal
enclosures, with

* Expensive and bulky (size, weight)
* Limit the range of platforms and compromise
performance for antenna size/gain/rotation

Planar solutions have ICs mounted in the same
plane parallel to the array using all SMT assembly

* Lower profile antenna - reduced wind drag and
detectability

* Lower size and weight for tower mounting and smaller
platforms (UAV)

Lower cost — enabling new applications
* Next generation SATCOM
e Commercial radar

* 5G terminals

/nokiwave  Silicon Enables Low Size,
| Weight, & Cost AESAs

Traditional Hermetic Tx/Rx Modules

SATCOM planar solutions

with GaAs/GaN chip and wire assembly
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mmW solutions. Enabling a new world

SATCOM AESA
Considerations

/nokiwave  AEca | attices at 20/30 GHz

* \/2 lattices at SATCOM 20/30 GHz are
quite small

* The only way to have planar AESAs at
these frequencies is to fit the
electronics within the lattice using
highly integrated silicon ASICs

K-Band (20 GHz)

| e | %
i [SR] | [ 78
| GRE® i @.
| G, s
i

i

i

i

I

i

Ka-Band (30 GHz)

______________________
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mmW solutions. Enabling a new world

* G/Tis a figure of merit for a receiver

* More difficult to achieve good G/T for
a receive array than EIRP for a transmit

array

G/T for Receive AESAs

* G/T follows 10*log(N) while EIRP .

follows 20*log(N)

* G/T equation

* 4ntAe/{Ao?*[Tsky + To(F* Lopymic-11}

* Good G/T requires low system NF .

and place receiver as close to the

e Where

N = number elements

Ae = effective radiating
area

Ao = free space
wavelength

F = receiver noise factor
Loumic = feed loss

Tsky = sky temperature
To =290 degK

elements as possible

AESA ICs mounted at the radiating elements
provide lowest feed loss and maximum G/T

/Anokiwave

mmW solutions. Enabling a new world

+65dBm

EIRP vs. Conducted
Power/Element

230 elements
@ +15dBm

133 elements
@ +20dBm

405 elements
@ +10dBm

ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

HHHHHHHHHHHHHHHHHHHH

# Tx Elements
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/\noklwove

e e AESA Mechanical Construction
Thermal
Paste (TBD) AWMF-0109 ASICs Thermal bosses

Multi-layer PCB .
Thermal spreader Radiating elements

Layer (graphite, etc)

* Heat flows into PCB
 Lateral heat spreader in PCB
* Thermal bosses remove heat from PCB thermal spreader

11
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So How Can Highly
Integrated Silicon ASICs
Help SATCOM AESAs?

12
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/Anokiwave  Silicon Integration Benefits

mmW solutions. Enabling a new world

* High-density integration combines mmW, analog,
and digital control functions on a single IC:
* |Cs fit within the lattice for lowest feed loss
* Highest G/T and EIRP

 Simple serial control interface (SPI) reduces signal
routing

* High quality telemetry can be sampled, digitized on-
chip, and reported to the host system via the serial
interface

13

/Anokiwave Flexible Polarization in
~ SATCOM Silicon AESA ASICs

Circular polarization:

Element provides spatial orthogonality
Silicon provides electrical orthogonality mm“

©) 0 +90° RHCP
o [
o ©-90° LHCP
%
Slant
H {> ®_2 © © Linear-H
Flement © ©*180° Lif\fanrt—v

Polarization can be fully programmable in silicon AESA ASICs

24



/\NOKIWAVE |\ pand SATCOM Rx Quad Core IC

mmW solutions. Enabling a new world

AWS-0102
AWMEF-0112
Quad Core IC
- Rx Beam 7x7mm QFN

7 Wawa|g

5a991.f

£ wawa(3

64 Element K-Band Array .
Using Anokiwave Quad 17.7 - 20.2 GHz operation

Core Rx SATCOM IC * Polarization flexible (selectable RHCP, LHCP, linear)
22 dB gain/channel

3.4 dB NF

Quad or Octal Configuration

5 bit gain/phase control

Enables Low Cost All Silicon SATCOM Planar Arrays

15

/ANOKIWAVe | pand SATCOM Rx Quad Core IC

mmW solutions. Enabling a new world

17.7-20.2 GHz Rx only

Supports 4 antenna elements
Polarization flexible (RHCP, LHCP, linear)
22 dB gain, 3.4 dB NF

5 bit phase control (LSB=11.25 deg)

5 bit gain control (0-15.5 dB, LSB=0.5 dB)

Temperature sense and report to host system

* Temperature compensated gain
* DC power: 0.3W
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/Anokiwave _ .
Multiple Data Slides
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/ANOKIWAVE  K3-Band SATCOM Tx Quad Core IC

mmW solutions. Enabling a new world

AWMEF-0109
AWMEF-0113
Quad Core IC
Tx Beam 6X6 mm QFN

Element 1
Z uswalg

In

z rg" 5a991.f
5 3
64 Element Ka-Band Array .
Using Anokiwave Quad e 27.5-30.0 GHz operation
Core Tx SATCOM IC * Polarization flexible (selectable, RHCP, LHCP, Linear)
S * 22 dB gain/channel
3 * +12 dBm output power per output port
* Quad or Octal Configuration
* 5 bit gain/phase control
Enables Low Cost All Silicon SATCOM Planar Arrays
18
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/ANOKIWAVEe  K3-Band SATCOM Tx Quad Core IC

mmW solutions. Enabling a new world

27.5-30.0 GHz Tx only

Supports 4 antenna elements
Polarization flexible (RHCP, LHCP, linear)
22 dB gain, +12 dBm OP1dB

Output power detect and telemetry

5 bit phase control (LSB=11.25 deg)

5 bit gain control (0-15.5 dB, LSB=0.5 dB)

Temperature sense and telemetry

* Temperature compensated gain
* DC power: 0.9W (q) 1.35W (P1)

/Anokiwave _ ]
Multiple Data Slides

27
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/\nokiwave Conclusion

mmW solutions. Enabling a new world

e AESAs highly useful for variety of SATCOM
applications

» 20/30 GHz AESAs pose challenges (G/T, lattice, etc.)

e Silicon technology is the key to enabling planar
AESA solutions at 20/30 GHz

* Low profile planar solutions for lower size,
weight, cost

e Quad core IC data was presented that
demonstrates the requisite functions for successful
deployment of mmW AESAs

21

/Anokiwave

mmW solutions. Enabling a new world

Thank You !
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Wide-angle scanning phased array
antennas at Ka band
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=  Motivation
= Requirements for Satcom on the move (SOTM) at Ka-band
= Phased array fundamentals
= Dual-polarized cavity antenna
= Dual-polarized stacked patch antenna
= System architectures for phased array antennas
= Active reflectarray demonstrator
= References
Slide 2
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= |ncreasing demand for broadband mobile SATCOM links at Ka band

enables

= High speed internet services
= Voice communication
= Real-time air-traffic management

= Safety & security services

Objectives:

= Array architecture for up- and downlink at 30 / 20 GHz

Low profile & lightweight architecture

Flexible and scalable system design

2D electrical beam steering up to 60°

Slide 3
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Satcom requirements — scenario
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Reference scenario based on
Eutelsat Hot Bird 6 (13° E)

EIRP=57 dBW
G/T=14 dB/K
SNR=10 dB

downlink S

h
L i)

FC

|

=

channels n

Satcom using geostationary orbit (GEO) Further reading: [2]

= Continuous coverage of specific region by only 1 satellite
= Path losses are significantly higher as for lower orbits

= Terminal requires precisely adjustable radiation characteristic (2° orbit spacing)

Slide 4
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10000y —T—T—T—T—T T T 1
v | = Clear sky
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< 6000—E
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3 4000[: S
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= 1

c 2107010 ] e P S S F R U |

0

<4—— suitable range

10 20 30 40 50 60 70 80 90 100
average transmit power per element / mW

EIRP / dBW

70 I

60

——— Prototype

| - - Mask [3]

30 0
off-axis angle / °

= Optimum EIRP is about 62 dBW (equivalent to 32.84 4BW/, . ..)
= Maximum permissible levels of off-axis EIRP are very stringent [3]
- Large number of elements in favor of less output power per element

- Prototype employs 90 X 90 elements with Gaussian amplitude taper (o = 2)

Slide 5
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grating lobe diagram (y = 90°)
27
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_ . dominant Floquet mode
family of Floquet mode circles: (visible region)
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Planar array fundamentals
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= Higher order Floquet modes = Gain degradation or even scan blindness occurs
—> grating lobes at 9, closer to boresight mainly caused by
. Ky mn —> Parallel-plate mode resonances

- Surface wave resonances:
Bsw = \/kg —kZ = \/(kcz) + ady) = ko
Bsw Ao

ko Lyy

Sin(ﬁsw) =

'I‘TX Ppe Nl

- Leaky wave resonances:
kiw = —japw + Brw with By < kg

.Bsw AO

—n

—_— VnezZ
ko Ly

sin(Opy) =
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WMO7 New Developments for Satellite Communications on the Move

APy
i

Planar array fundamentals

EuMW 2016

Microwaves Everywhere

Design Goal: Maximize power transfer to the dominant Floquet-Mode (TE or TM)

=
£2
Free space Floquet modes E"C
@ o e e e e e
Floguet modes of the aperture '_; Y
I T Uiq >
Further reading: [4,5,6]
A VAR YA (z)-]
= [=modal currents = Y,=modal characteristic admittances
= [J=modal voltages » T=transmission (coupling) factors

Slide 8
WMO07 New Developments for Satellite Communications on the Move

32



Dual-polarized cavity antenna

E_ul'\lﬂw 2916
upper rim
lower rim cavity
.._L_JEEEEPE_“_ __________ A o> <4— conductive bonding foil
lower part
apertures
stripline shielding vias

: vertical transition
. - /-g-s\ —=E -
microstrip line - —

Further reading: [7]
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Dual-polarized cavity antenna
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Top view Side view

vertical stubs I unitcell 1

via cavity

= Cavity is formed within the top laminate by a series of surrounding vias
= Coupling between the radiating and evanescent modes in the aperture plane

can be controlled by the stub width and depth

Slide 10
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= Total height of the cavity kept constant

= Minima = surface wave resonances

= Maxima —> leaky wave resonances

E-plane scan @ 60° H-plane scan @ 60°
3000 | | | [T T | | | | 3000 | | | | | | =T |
— 0.0 mm --=1.016 mm — 0.0 mm --=1.016 mm
2500~ - 0.508 mm —-1.270 mm - 2500~ - 0.508 mm = 1.270 mm -
----- 0.762mm — 1.397 mm = 0.762mm  — 1.397 mm
E 2000 [ frri _g 2000 T
o R I Y L R o 1 L
s 1500 |-qi- ke d @b « 1500
So I : : L : . : : o
&S O S T R e
4000 [ 1000
500 |- ] 500
0 | = = :~- 0
25 26 27 28 29 30 31 32 33 34 35 25 26 27 28 29 30 31 32 33 34 35

f/ GHz f/ GHz
. N Slide 11
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= Minima - surface wave resonances
= Maxima = leaky wave resonances

- Similar scan performance in the E-/H-plane can be adjusted

E-plane scan @ 60° H-plane scan @ 60°
3000 1T 1 T T T T T T 3000 I SN I N R S —
91 . [—00mm 4 E i [—o0mm
2500 D == 02mm N 2500 do
iy [-04mm
E 2000 s i i E 2000
o) o
S 1500 < 1500
~o =4
S LL.Q:O
%1000 1000
500 500
0 = 0=
25 26 27 28 29 30 31 32 33 34 35 25 26 27 28 29 30 31 32 33 34 35
f/ GHz f/ GHz
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[S11]/ dB

E-plane scan
(Imax = 58°)

transmission coefficient / dB

oo -3.5
Yo N S I I S e s s 4
25 26 27 28 29 30 31 32 33 34 35

Simulation

f/ GHz f/ GHz
Port 1 o OF—T T T T T T T T
©
=
k)
Qo
m =
° 8
= o
E H-plane scan 5
(Imax = 54°) &
g
c
g
_35 | | | l | I I I I [ T
25 26 27 28 29 30 31 32 33 34 35 2526 27 28 29 30 313233 34 35 (i 13
f/ GHz f/ GHz
EuMW 2016
Microwaves Everywhere
-= 9 = 50°
L A5H T - Q
— 20— 9 =60° |- -
N RN TS é
S0 e
-35 - 7 AR
A/ A oo AR
40 2 40 RIS /A N B B
25 26 27 28 29 30 31 32 33 34 35 25 26 27 28 29 30 31 32 33 34 35
f/ GHz f/ GHz
Please Note:
= Mutual coupling to adjacent unit cell elements is independent of scan angle [4]
* Holds certainly not for coupling coefficient |S,, | of the dual-polarized unit cell
Alternative antenna design: [8]
Slide 14
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Dual-polarized cavity antenna
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= Verification of the scan performance by means of the embedded element pattern

—11x11 passive array prototype
—> Dual-polarized element in the center is fed only

- All other ports are terminated

Top view 50Q || 50Q Bottom view

. N Slide 15
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Dual-polarized cavity antenna
E,UMW;.2016
0 FeT T T T T 1 1 0 L T T T T 1
e | T [l Mtess B[ | Measwemenf ] = Large impedance bandwidth
AN |S52| Meas. f R RN RN S
L IS22] Sim. < J: = High port-to-port isolation

reflection coefficient / dB
|S,1]/ dB

gol—iEL 00 b e I T O D Y

2526 27 28 29 30 31 32 33 34 35 25 26 27 28 29 30 31 32 33 34 35
f/ GHz f/ GHz
0
= Wide element pattern 1‘:’)
= Low cross-polarization -15

= Gain approx. 5-6 dBi

"'_ — (Port 1) Co-pol., Meas.
1 (Port 1) Co-pol., Sim.

1 = = (Port 1) Cross-pol., Sim.
—-— (Port 1) Cross-pol., Meas. [-_!

—.-- (Port2) Co-pol., Meas. D 0 30 60 90

angle /* Slide 16
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Dual-polarized patch antenna
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upper patch

(2) — metal grid

lower patch

apertures

1)
stripline vertical transition

. . i e - shorting vias
microstrip line —PoE = == €
= _— [
—

= - [9]

= Thin dielectric sheet on the very top = surface wave resonances are shifted to larger 9

Slide 17
WMO07 New Developments for Satellite Communications on the Move

Dual-polarized patch antenna
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= Electric field distribution within the cavity of the stacked patch antenna element
—> Strong parasitic coupling to parallel-plate mode @ 29.4 GHz
- Excited by the slot apertures
-> Shorting vias between both ground planes were introduced

Without shorting vias With shorting vias

Slide 18
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% coaxial conn. J Top view
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= Array architecture with printed RF/LO distribution network

40 T T T T T T T
— Directivity
= Distribution network losses
H q F q 30 . Gain L
XA LRX e —
] ‘ ‘ ‘ ‘ .
""" 1 en pomt
o7 Y |
@ ; -
B | B Lk
0 16 32 48 64 80 96 112 128

number of antenna elements

= Planar transmission lines exhibit high losses at mm-wave Further reading: [10,11,12]

= As the number of radiating elements increases
- Beam width gets narrower, but gain degrades noticeable after BEP*
= Additional amplifiers for loss compensation required

- Packaging and heat removal becomes more complex Slide 21

D
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Phased array architectures
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= Transmitarray architecture:

Downlink

Feed antenna

» space-fed arrangement
Further reading: [14,15]

- no RF distribution network required

- scalable and flexible architecture

Slide 22
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= (Folded) Reflectarray architecture:

polarization grid

16
[16] Further reading: [15,17]

=  Planar module concept:

vertical interconnects

twisting and focusing antenna

layer distribution
=N active layer
circuit layer cooling
layer
mixed-signal IC (4 x T/R) bond wires Slide 23
SiGe BICMOS transceiver ICs
EuMW 2016
Pol. Y14 V1 with nMOS SPDTs (3.6x3.6 mm?)
Uprar Ml e
Temperature
sensor
Power-on Switch
Reset control
Voltage
6 bit reference

12C 4x8bit ||———

Slave-Block —{:

f f 4 x 8 bit
SCLK SDATA

= 4 T/R-modules (RX @ 30 GHz for testing purpose only)
= Communication via serial 12C bus (SCLK/SDATA)

= Joint digital and mixed-signal circuit blocks

Slide 24
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= T/R module characterization (nMOS version)

Transmission coefficient @ 30 GHz

% — Gain, RX-Mode

~ -10f - Gain, TX-Mode 1
A - - Reverse gain, RX-Mode

— -20[--- Reverse gain, TX-Mode

B0 S R
-40 'f'»“t* ~ ;;,i; P i ';'17.. “":2: "¢“ \es N‘:\'_‘
sol—i 1 “wAer™ §
25 26 27 28 29 30 31 32 33 34 35
f/ GHz

= 65536 amplitude/ phase states
= Transmission tunable from -25.5 dB to 17.1 dB

Slide 25
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bias

= 144 dual-polarized stacked patch antennas

= 36 multifunctional MMIC
- V1: with nMOS SPDT switches [16]
- V2: with RF-MEMS SPDT switches

= heat sink/ fan combination

= Can be easily replaced by liquid cooling system

" Slide 26
WMO07 New Developments for Satellite Communications on the Move

41



EuMW 2016

Microwaves Everywhere

norm.amplitude / dB

Gain/ dB
Gain / dB

Slide 27
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= MEMS-Version: E-plane scan H-plane scan
0

L B B (| W7 S 0 T T T NTYR ]

norm.amplitude / dB

Gain / dB
Gain / dB
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Summary and Conclusion
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=  Requirements for Satcom on the move (SOTM) at K-/ Ka-band are very stringent

-> Innovative array architectures

= Dual-polarized antenna element are presented
—> Reasonable bandwidth
- Efficient wide-angle scanning
- High port-to-port isolation
= Active reflectarray demonstrator using SiGe BiCMOS MMICs
—> Scalable and flexible architecture
—> Highly-integrated module concept based on PCB technology
- Enhanced by multifunctional MMICs with very fine amplitude/phase stepping
- MMIC-version with integrated RF-MEMS demonstrated successfully

Slide 29
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Thank you
for your attention!

Contact:

Tobias Chaloun

Ulm University

Institute of Microwave Engineering
Albert-Einstein-Allee 41

89081 Ulm — Germany

E-Mail: tobias.chaloun@uni-ulm.de
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Future Applications
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In future many different scenarios :

PtP Communications: ¥y

between 2 moving platforms or
between fixed and moving platforms

N
‘)’ 7
PtMP Communications: ?

between fixed and moving
platforms (Internet everywhere)

Different Satellite constellations: J IQ
LEO, MEO or GEO @
“ @
% e =N
. N Slide 3
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Product Opportunities |
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SatCom Datalink for Helicopter,

Line of sight Datalink for UAV
Fighter Aircraft, UAV :

2010 Real Flight Demonstration
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Potential Market Volumes ©AIRBUS

N (Airborne terminals)

Microwaves Everywhere

Defence and Govermental Market
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M-Scan antenna

E-Scan antenna SIA Aperture with Tx/Rx Windows

Direct embedding of the electromagnetic
window in the aircraft structure.
Glass fiber composite €<—> Carbon composite

Slide 7
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Advantages of SIA concept
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Today Tomorrow Today Tomorrow

Main benefits of Structure Integrated Antenna frontends
eRemarkable reduced volume & weight of apertures and complete Frontends

eSignificantly reduced drag for data link antennas for
airliners, high speed trains and other platforms

eLoad-bearing installation and reduced RADAR signature for military platforms

eincreased reliability due to e-scan technology (Graceful degradation)
Slide 8
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Size
* Compact size, especially mounting depth is a key asset
* Lower drag, important for almost all moving platforms

Weight

* Reduction in weight important for all airborne platforms (Fuel saving)

Power

* Low power consumption is important
* Lower dissipation power allows air cooling (no liquid cooling in commercial aircrafts)

Cost

* For the commercial market key asset, in the military domain gaining importance

Slide 9
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* Mechanics / Cooling
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I G AR

Feed Network Feed Network

The Tx and Rx modules are key-components of the phased-array

They provide low-noise amplification (Rx) or output power (Tx) while providing phase and amplitude
settings (beamforming)

Slide 11
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Antenna Concept
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aperture layer and
patches

Tile RF Manifald

Tile DC & Control
Manifald

—— 4 channel MMICs.

+— Tila cooling layer

__—Tile DC&cantral
connecior

Tile RF

Noﬂuﬂ:br

Tile
TRMe

SIA Datalink antenna — Tile/Cell Concept

* Multilayer RF PCB
* High integrated Corechips
* Cooling structure

Slide 13

WMO07 New Developments for Satellite Communications on the Move of 37

© AIRBUS

DEFEMCE & SPACE

High density RF PCB
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High density RF PCB incorporates:

* Antenna elements (dual polarization)
* RF Manifold

* DC and Control Manifold

* \ertical RF interconnects

* RF transitions (Manifold side)

|
|

Slide 14
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Cooling / Mechanic
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Air Cooling

Slide 15
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Test of cooling solution
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Results:

Device under test:

at nominal operation the
,Cores” reach a maximum
temperature of

67°C...68,8°C

Test PCB with dummy heat sources
Cooling structure fabricated with
additive layer manufacturing (ALM)

(simulated: 66,5°C...68°C)

‘P98ap
Q‘Q 8€8800mm
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Multifunction Corechips
* Block diagram / Design targets
* Packaging
* Test of packaged MMICs

Slide 17
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Multifunction Core Chips (Tx /Rx)
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a
=

Ch 4 5

r Ch 3 Ch 4 T

o o< ons
o

Ch 2 B

a8
BRE
VN Y

ra Ch7 cha , ) { Ch7

e Ch 8

Ch1

E
H

Ch1

-eChE

i
;

>
<H

R RFf‘UT
8 Channels for 4 Radiating Elements in vertical / horizontal polarisation - =
. N Slide 18
WMO07 New Developments for Satellite Communications on the Move of 37

54



EuMW 2016

Microwaves Everywhere

Parameter

Frequency

Number of channels

RF output power per channel
Amplitude dynamic range
Amplitude resolution

Phase control / resolution

DC power consumption

WMO07 New Developments for Satellite Communications on the Move
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Parameter

Frequency

Number of channels

Gain per channel

Noise figure

Input IP3

Amplitude dynamic range
Amplitude resolution
Phase control / resolution

DC power consumption

WMO07 New Developments for Satellite Communications on the Move
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8 channel Ka-band TX chip

Ka-Band (27.5GHz — 31GHz)
8

>12dBm

>11dB

> 5 bit

360° / 6 bit

~1300mW

TX chip

Fully integrated 8 channels

H1 —f e

H2 — [oen

H3 — [+

H4 4 [ion

Digital control

Slide 19
of 37

© AIRBUS

DEFEMCE & SPACE

8 channel K-band RX chip

Design target

K-Band (17.7GHz — 22GHz)
8

20dB

3dB

-30 dBm

>15.5dB

> 5 bit

360° / 6 bit

~600mW

RX chip

Fully integrated 8 channels

H1 — e

H2

H3 — [

H4 — [

Digital control

out
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Chip Package Co-design
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A co-design between chip and package and even package and PCB is necessary due to
* High frequency range of operation

* High integration density

* Multichannel approach

n Package n PCB

Slide 21
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Different Package Solutions

APy
i
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Quad-flat-no-leads (QFN)

e Widely used package

¢ Molded or air package

¢ Reasonable loss at Ka-Band for the air-package
¢ Non-hermetic

e Low-cost

Liquid Crystal Polymer (LCP)
e Quasi hermetic package ¥ ‘-‘!"'-‘-’\.___;.
¢ Low-loss at Ka-Band for the air-package

¢ Cavity can be designed to reduce interconnects costs
e Medium-cost

Ball Grid Array (BGA)

¢ Very high integration level if high pin counts needed
¢ Reasonable losses at Ka-Band possible

e Medium to high cost

Slide 22
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eWLB Package Solution
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Si chip (die)

Epoxy molding compound

embedded wafer level ball grid (e WLB)

* Very compact packaging => low impact to RF
Cooling opposite to PCB (chip backside)
Very high volume technology

Slide 23
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Package Transition
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Soldar balla Undar bump metals

Si chip (die)

Epoxy molding compotind

Pawrar {Hie 1 &

SiGe Chip

| ( \

RF Substrate ;
Package Moald (RO43508; 254pum) .t

RF Feediine CPWG T T
(linewidth 400um / spacing 150um) T 4 4 % m % W

Slide 24
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Photo of packaged Corechip

APy
i
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v

e ek » @
e *
*s e
LA *ee
.9 *e
*e *e
aee iee
*e *e
e e
e L) -
e 9 'R
Package size: 6 X 6 mm?
Chip size: 4 x 4 mm?
. — Slide 25
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Measurement Environments

APy
i
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In Test socket
(as exchangeable DUT)

Soldered on Test Board

Slide 26
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Measurement in Testsocket
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Test of packaged Rx-Corechip
Gain Phase Map

(an]
©
S~
()]
©
>
s
o
S :
< :
:
3
IR RS ORI i A AL AR S A
S L L L L L L L L L L L B M
O N B O O 2 A a2 NN N W W W W
c O O O O N & @ © O N & @ ®© ©C N B O
c O o O O O o O o o o o o o

Phase / Deg.
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RX MMIC

EuMW 2016

Microwaves Everywhere

o o o 5
L2 o g 0y @
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; g . g g s
\ % 16 % 16 ; 1%
ﬁ‘ ﬁ‘ 14 ﬁ‘ 14 ﬁ‘ 1
3 |12 |12 |z
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5 2 s 2 & T s
| G} G} S
g o 6 o 6 o e
=] 4 4 4
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| o o o
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& & &
® freq, GHz © freq, GHe © freq, GHe Ll freq, CHz
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i i e :
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[si] o o 3]
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freq, GHz

freq, GHz

freg, GHz

freq, GHz

Very good uniformity between channels
Good attenuator dynamic range
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Outline
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* Antenna Demonstrator

Slide 29
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From Idea to Reality
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| o 50w
r..e_.. - — S0e __)I
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Demonstrator setup
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TX System
* Video Camera
* Video Signal preprocessing

* AESA Controlling automatic
electronic
* TX Frontend scan

e UAV Structure Radom

RX System
. R
Horn antenna T o
* Turntable perture turntable video
* Turntable Controlling carnera monior
* Video Signal preprocessing | |
¢ Video monitor l N
driving
direction
Link Demonstration
* TX System mounted in lorry
* RX System on ground
* Lorry driving along RX System while transmitting live high data rate video signal (HD)
Slide 31
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APy
v

Antenna TX Demonstrator

EuMW 2016

Mechanical Integration

128 housed TX Cores soldered to
TX Panel (including Manifolds and
Radiating Elements) => 512 patches

WMO7 New Developments for Satellite Communications on the Move
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Antenna Diagramm
El_ul\lﬂ_IW‘_IZMB
Beam [Azimut 30°; Elevation 0°]
Far Field Azimut-Cut Far Field Elevation-Cut

et fod syt fogl
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Outdoor Demonstration
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* TXAESA in moving vehicle

i
<

* GPS and compass sensor in vehicle measuring % S
position and attitude of Antenna ' |

* TXAESA aiming to fix RX station while the N A
platform is moving

* Transmission of live video stream to RX
station

Slide 34
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Outdoor Demonstration Il
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TX Panel transmitting
Live HD video stream

Slide 35
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Conclusions

EuMW 2016
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* New module Panel for SatCom-on-the-move applications:
* Multichannel Corechips available
* K-Band RX Corechip
* Ka-Band TX Corechip

* New packaging technology (eWLB) successfully
demonstrated for frequencies up to Ka-Band

» Different cooling structures tested for
* Liquid Cooling
* Air Cooling
enabled by ALM technology

* Transmit Panel tested in outdoor environment

Slide 36
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APy
i

The Vision
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ATC & il e, ==
. -ﬁlé.‘aqp" I._‘ - .

()
b
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The 46th European Microwave Conference
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Techniques and Technologies
for SatCom Antenna Systems

F.E. van Vliet, M. van Wanum
S. Monni, R. Bolt

g-esa @ LEe0s, .
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Introduction

EuMW 2016

waves Everywhere

Topic: Techniques and Technologies for SatCom Antenna Systems

Two major but separate developments will be discussed:

1. Enabling Microwave ICs
* Performed together with Airbus Defence & Space

2. A Single transmit+receive aperture
* Performed together with ESA-Estec

Slide 2
of 36
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Microwave Front-End

Slide 3
WMO07 New Developments for Satellite Communications on the Move (l)fe36
EuMW 2016
Transmit
» Approx. 30 GHz, wavelength 10 mm
» For planar dense phased array, this leaves 5x5 mm? per element
» Areais limited
= Power consumption is severely constrained
= Two polarizations need be controlled, this doubles hardware
= Due to space reasons 4 antenna elements served by 1 chip
= After routing and packaging: Chip size max 4x4 mm?
Receive
» Approx. 20 GHz, wavelength 15 mm, more space available
» same approach as TX used
» Input compression point relatively mild
, o Slide 4
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What'’s inside that chip....
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Bias circuits

Bandgap

PTAT

Regulator
Undervoltage detection
Power-on-Reset Smaller than a single-channel
Temperature sensor GaAs core chip
8-bit ADC (for digital reading of temp.) I Focd o
DACs

8x 8 bit for VGA
16x 6 bit for VM
Serial digital 10
Decoder for VM (“corrected” cos+sin)
8x LNA/PA, VGA, VM
7x Wilkinson
Common amplifier

4.5%5.5 mm?

WMO07 New Developments for Satellite Communications on the Move of 36
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RFin

Slide 6
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Ch. 4o—m’i‘m—LNA A () LNA—MTE}—O Ch.5
|
\ [}
| |
\ [}
Ch. 3 o—T—LNA A (0] © A {NA—# 19— Ch. 6
i [Af— e i ;
| 2 |
Al Tl
Ch.2o—M’€h—LNA A9} P LNA—MTE}—oCh. 7
| |
Ch. 1o—ofi—LNA A © INA|——o Ch. 8

RFour
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Design methodology

EuMW 2016

Microwaves Everywhere

» Classical IlI-V
= Model in 50 Q microstrip environment + EM simulation

» Classical IV (Si)
= Extraction RC = RLC(K)
= large layout freedom
= RLC(K) extraction is not very accurate at mmWave

» Combined approach
= For local interconnect RLC extraction
= For larger areas EM simulations
= Large error on small contributions leads to small overall error
= Requires blackboxing, risk of missing parasitics
= Very demanding chip / packaging interaction
» Due to frequency and number of I/Os

Slide 8
of 36
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Use Transformers!
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» Transformer with low coupling factor
gives 3 inductors in the area of 1

» Solution is RF layout friendly

» But not all component value combinations
can be realized

» The loss of a transformer with a low
coupling factor is the same as for
lumped L-C-L matching network

o O

WMO07 New Developments for Satellite Communications on the Move
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Power consumption
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> Power constrained due to thermal reasons

» Selection of optimal supply voltage

= Lower voltage
* Higher maximum current
* More functions in parallel

= Higher voltage
* easier to make power
* transistor stack (VGA, VM, next slide)
* Higher internal impedances (2 mAp/2Vp = 1 kQ powerload)

» For receive, 2.5 Volt supply allows for stacking of transistors
» For transmit, 3.0 Volt supply allows for more efficient power generation

» These choices are technology dependent
= NXP 0.25um BiCMOQOS, generation 8

Slide 10
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Chip Layout - TX

EuMW 2016

Microwaves Everywhere

WMO7 New Developments for Satellite Communications on the Move
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4x4 mm?2

4x4 mm?2
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Packaging
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» Flip-chip package used to mount chip on PCB
= © Good RF performance: low loss, good matching
* @ Bad thermal performance: heat can only flow through balls

» Exposed chip back side used for thermal path
= © Separation of RF and thermal performance!

Slide 13
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Characterisation
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Solution: Cascade InfinityQuad probes,
with sharp tungsten (W) tips
with custom mixed DC+RF probes
on a fixed grid

Issue: lengthy measurements
(several hours), leading to oxidised
probes and varying contacts

71



RX: VM performance
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phase step [deg]
L3

s
" 8
05 6L
0 ‘ j o4
120 140 I
5
L
g
g -2/
o L
o -4t
-6
-8
10 100 120 140
) . Slide 15
WMO07 New Developments for Satellite Communications on the Move of 36

EuMW 2016

Microwaves Everywhere

Gain step []

Insertion gain [dB]

a0 ; | i e |
0 50 100 150 200 250 300
state [-]

Slide 16
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Summary of measurements
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T N

Frequency 27-31.5 [GHZz]
Gain 25 [dB]
Pout 10 - 13 [dBm]
Pdc 1450 [mW]
Receve ||
Frequency 17.7-22 [GHz]
Gain 20 [dB]
NF 3.1 [dB]
1IP3 -30 [dBm]
Pdc 600 [mW]

WMO07 New Developments for Satellite Communications on the Move
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Antenna Technology

WMO7 New Developments for Satellite Communications on the Move

73
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Requirements: ACTIFE

EuMW 2016 Advanced Antenna ConcepTs for aircraft in-Flight Entertainment

Microwaves Everywhere

» Frequency, in Ku-band:
= Receive: 10.70 - 12.75 GHz
=  Transmit: 14.0-14.5 GHz
= Integral bandwidth of 30%
» Polarization:
= Receive: circular (LH or RH)
= Transmit: variable linear
= Cross polarization: > 15 dB
(all beam/pol setting)
» Scan range:
= 360 degrees in azimuth } o Mainly electronically
= 60 degrees in elevation o Limited mechanically, to cover F.o.V.
» Structural constraints:
= Low drag
= Low impact on A/C-structural integrity
= Integration of Tx and Rx in single panel(s)

Slide 19
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Array architecture
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» Uplink and down link are at separate frequency bands
» Two possible array approaches:

= Single antenna array for RX and TX
* wideband antenna technology
* larger module to contain both TX and RX functions
* challenging if wide scanning, dual polarization is required

= Separate array antennas for RX and TX

Slide 20
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Array size — TX radiation patterns
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» Considerations
= ETSI mask definition (and ITU-R)
= Tapering (raised cosine) for optimum fit within mask
= Defined Tx data uplink
= Limitations on array size (trade-off physical size, cost, number of elements, etc.)
= Number of identical users (airplanes) for one satellite

> 48x48 and 70x70 Tx elements considered

48x48 planar array (uniform amplitude) 70x70 pla nar array (raised cosine -4.6 dB]
. * g 8457 gl - e AT
s .69 = @ ol
40§ 0 =0}
£ g e : )
£l g e B TZII
psalll| B, ||| TS B S V||| . 8\ ok SE

A% 0 -5 b ‘0 100 150
“Theta [deg]| o]

D=l gl

“Theta [deg]
. oo

B sua

EIRF [dBW]
EIRF [4EW]
é czHE&s8d

AW A0 w0 0 W 100 1%

Thetn [dem] Thn[lr.!l Slide 21
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Demonstrator Antenna definition
EuMW 2016
Microwaves Everywhere
» Considerations
= Enough array elements to perform large scanning
= Restrict no. of elements to limit material/component cost and test-time
= Dual polarization for testing cross-polarization
= Focus on Tx beam pattern setting
» Demonstrator antenna array 16x16 planar array (uniform amplitude)
=  Gainat 10.7 GHz: 22.6 dB $ e © R
= Uniform illumination o 4 an _h
= 60°scan angle Z y B g » Al
= = 20
= 16x16 dual polarized 2 g /1'W ﬂ ‘\
I
M-;;n.fnn' S0 S0 160 150 T ;ﬁ.u )
Theta [deg] Theta [deg]
0 B=60° g=0° _fvu::am .;:a:: l;:s;;:r e;:r;'::'
50 IHI Py, (per uzer 14.0 dBW u...! EW m.; W
_ 42 T 'p,, 195 dim | 24dBm | 228 dBm
B 10 users 4 2 1
g Anaylsi_z:(m\)
i)
: : ““411
3 1!0 I.DD 50 D 50 Im I!n_ / E: _A
Theta [deg] b LT
) — Slide 22
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System: Conclusions
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» 70x70 elements array as basic ‘flat” antenna panel

» Electronically scanning up to at least 60°

» Fits Tx mask: enabling multiple users and/or high data rate per user
» Relatively low Tx power level per array-element

» Adequate Rx sensitivity with feasible receive NF per array-element

Slide 23
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Structural evolution of antenna system
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» Demand for structures with limited height, footprint:
= Drag
= Structural impact on A/C

» Reduced system complexity

Fully Minor
electronic mechanical
# panels 6 1
# elements 2x13824 2x4900
System height ~40cm ~30cm
Scan range/panel | 6=45° ¢=360° | ©0=60° ¢p=360°

Slide 24
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Antenna concept
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» Combined requirement on bandwidth, far-out scan and cross polarization:

= State of the art does not fulfil all of these

Vivaldi Stacked patches Connected Dipoles
Bw | 125 (O)| 25% () BW 20% (2)
X-pol |-10dB () | -15d8 () X-pol ~15d8 (L)

Slide 25
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Dimensioning of the dipoles
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» Optimization through a genetic algorithm:
* Minimize the fitness function: max;(I'p. Tk, .Uhe,,..)
=  Which is an analytical function of, amongst others,
geometrical parameters: Z = (jwC)~ 1.8, w, h,Z,
» Unit cell size, d, and d,, are chosen fixed (eventually 0.435x0.435= 9x9 mm?2)

Optimization:
Unit cell - . 0

¥ Impressed 5 : S _‘A C=2.80 pF
electric Elt'H ¥ &} ! | | ) ] | ! | 1| w=4.5mm
6=5mm
h=7.3mm
Z,=327.4 Ohm

Active I' [dB]

o | ——Broadside |
201 ~——E- plane 60 deg ¢

——H-plane 60 deg

25" . _
Ho 1 12 13 14 15 Mmax = —7.05 dB
Frequency [GHz]

80% matching efficiency

Slide 26
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From idealized to realistic dipoles

» ldealized feed »
» ldealized capacitance
» Horizontal dipoles

Idealized feed » Real feed
» Real capacitance (overlap)

» Real capacitance (overlap)
» Vertical dipoles

» Vertical dipoles

0
B A a -5
g . ) . 3
o= Fine tuning using s |
2 full-wave modeler .
g - g -
B L. | ——Bradside || = | ——Broadside |
-20 ——E- plane 60 deg -20 ———E- plane 60 deg
——H-plane 60 deg ——H-plane 60 deg
20 11 12 13 14 15 230 1 12 13 14 15
Frequency [GHz] Frequency [GHz]
) o Slide 27
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Practical implementation of the design (lI)
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» Implementation of the ground plane through a wire grid.

J(I,:mrn

-y Y 4 T T - Relative
[ _..ﬂ‘__ O.lmm  position

of continuocus

1. 48mm

Z-parameters

Slide 29
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» Introduction of a wide angle impedance matching (WAIM) structure;

Active Matching Active Matching including WAIM-sheet
0.00 — — —_— 0.00 7 <
— FPortl | | — Port1 |
— Port2 | — Port2 |
-5.00 -5.00 1
¥ B &

-10.00 \

-15.00 . ; -15.00 :
10.50 11.75 13.00 14.25 10.50 11.75 13.00 14.25
Frequency [GHz] Frequency [GHz]

» WAIM implementation;

Rohacell

CuClad 6250, 38 ym
ROE010, 254 pm
CuClad 6250, 38 ym
Rohacell

Slide 30
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» Antenna panels:

» Assembly:

/
4|k

HI{ liiirnﬂ.

WMO07 New Developments for Satellite Communications on the Move
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i Pol.: Horizontal;
| Scan: 30° diag.;
| Freq.:11.40GHz.

or or
=| Pol.: Horizontal; _.,|L Pol.: Horizontal;
4a| Scan: 30° diag,; L Scan: 30° diag.;
" Freq.: 12.10GHz. N Freq.: 14.25GHz.
a0 20
g . g b
\
-30- -3 v
| i
} { 3
35 A 3% o I'..ll i
a e 4 RIS ILE..
; TEHRT 1
45 45 LR i
LR 3
0 80 %0 &0 40 -0 o 0 40 6 80 % &0 40 20 20
Observation angle in [deg.| Obrservatson anghe in [deg |

the diagonal plane:

Obsarvation anghe in [deg.|

-0 o
Observation angle in [deg.]

ar
Pol.: Horizontal; =+ Pol.: Horizontal;
| Scan: 60° diag.; ad Scan: 60°diag.; |
| Freq.:11.40GHz. Freq.: 12.10GHz. 0
5 151 i
Al
Il
= {
g “l N g, ."‘
"o
hY '
i 5
! § § LY
B e w0 0 o 20 4 6 80 B 0 a0 0 W &

s Pol.: Horizontal;
Scan: 60° diag.;
Freq.: 14.25GHz. |,
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CO Measured;
X measured;
co calculated;
x calculated.

o I“l'.iS‘.JI'f‘d,'
X measured;
co calculated;
¥ calculated.

H
H
i
i

e

20

WMO7 New Developments for Satellite Communications on the Move

80

o 20
Obsarvation angle in [deg.]

-
&
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An inside view
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In conclusion
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In conclusion ...
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Why phase shifters?

= fixed lines
» broadside radiation
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Why phase shifters? « fixed lines
» broadside radiation
» tilted radiation by
RN mechanical rotation
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Why phase shifters? « fixed lines

» broadside radiation

» tilted radiation by
mechanical rotation

-~ = phase shifters

AN
? ? (equal orientation)

» broadside radiation
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Why phase shifters? « fixed lines
» broadside radiation
» tilted radiation by
o~ mechanical rotation
N N
N ~ ~ ~— = phase shifters
EP gj gj (equal orientation)
» broadside radiation

Q

J [j = phase shifters
(continuous orientation)

» tilted radiation
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Onboard internet, satellite TV Transceiver antennas for inter-satellite
reception in automobiles, ships, links (GEO — LEO), High-Q-tunable
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Onboard internet, satellte TV Transceiver antennas for inter-satellite
reception in automobiles, ships, links (GEO — LEO), High-Q-tunable

boats, airplanes filters for satellite transponders

requires fast switching requires high performance
times » hollow waveguide
» planar devices devices
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I

crystalline nematic liquid
&)
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Molecules &1
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"Eumwzmls Liquid Crystal
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D

3
%

= I

VAT
7 4/1 1 VA A - - iqui
/1 771 % ta) ot crystalline nematic liquid
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Ag=¢ -&
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Liquid Crystal

SESESE
HHHIHE e b s
TE1o Lc director 6}7”
A= A & 1
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Fundamentals of

MERCOK

Liquid Crystal

A e

Alignment layer (-:D‘:U (|

RN /.
A ¢ ‘:T{ T T * + Carrier substrate S

TE10 LC director
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HET S N,
? T | T T Alignment layer 0" :::(:ﬂ(i‘od:

A Vi
iy = A

TE10 LC director
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ey Liquid Crystal

g/-B)
*ﬁT TT+ . LC-director /I\/I\Ofl\ A
T cooadoo oo Alignment layer Ol |
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ST i ¢

TE10 LC director
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Ay
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ey Liquid Crystal

waves Everywhere
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SESERE A A
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stk :

TE10 LC director
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I

ey Liquid Crystal
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display LC

0,030 e
P & &
0’025<" e = |l
_WE7 BL111
T 0,020 i L B microwave LCs

® BL006

0,015 1 | GT3 23001
G13 2@002-% “ GT3 24004

GT325003 .
R i
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MERCOK

""Eu,;nw pors  Liquid Crystal

Microwaves Everywhere

o Mixture: GT3-23001 - np - N, o Mixture: TUD-224
1.80 == Kp E= KS 1.8 B O S~ — O — O ~D~B—O~E—E€ D
1.7 1.7 %
= 1.6 @ = 1.6 =
» 1.5 - » 1.5 L
o 14 S S 14 S
= 1.3 10t o = 1.3 |1 107! =
S g < g
5]
e 10-2 B & _ '”W?“ﬁ’lrim_z £
- g - \/ F=)
2 = =9 %
o = S =,
-3 -3 >
10°% & 1073 &
E. =]
(. 10-4+ © | 104
500 1,000 1,500 500 1,000 1,500
Frequency f [GHz] Frequency f [GHz]
GT3-23001 3.1909 0.0175 2.3435 0.0286 GT3-23001 3.19 0.0035 241 0.0143
TUD-224 3.2059 0.0148 2.3502 0.0341 TUD-224 3.18 0.003 2.41 0.0125
TUD-424 3.2903 0.0147 2.3763 0.0329 TUD-424 3.27 0.0033 245 0.0126
TUD-325 3.4067 0.0164 2.3629 0.0317 TUD-325 3.22 0.0025 242 0.0111
TPX (Lit. 1.45-1.46) 2.0776 0.0201 = = Reference values for 19 GHz and R.T. (Source: Merck)
Average value at 0.5-1.5 THz, .
tand is determined by the dynamic range of the system [We|+1 3b]
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High performance phase shifter

y TECHNISCHE
i e UNIVERSITAT
DARMSTADT
ey LISA-ES
= Partially filled with LC
> reduced dielectric loss t 0O Gold
i\l\j B Mylar
= Two-piece container with E @ Rexolite
two filling holes

y
Y E LC
£2—>
= Biasing system processed X

on Mylar films

i 104

= Split-block is electroplated Reelit 2.53 6.6-10 3
with Au LC, 3.27 2.2:10
> avoid passivation LC, 2.39 7-1073
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M, ;.4 High performance phase shifter
LEUMW 2016 LISA-ES

icrowaves Everywhere

= Dielectric tapering Hole for
» two steps alignment pin

» mix of discrete and continuous

= Alignment
» transversal misalignment < 0.1 mm
» angular misalignment < 0.2°

= Filling
» under normal conditions
» sealing with orthogonally aligned pins

= Metallic tapering
» two steps =
» discrete -
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#, ,uy High performance phase shifter
Toery LISA-ES

= Stripline modes occur between
biasing lines and waveguide

walls
» RF is focused in non-tuneable
material

= Implementation of A/4-stub lines

and stepped impedances |
> suppression of stripline modes N4 stub-line

\
» REF field is concentrated in
the LC
= M4-stub lines are already
sufficient
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M, ;.4 High performance phase shifter
ety LISA-ES

= Electrodes are connected to voltage

dividing network R R R R R
> only two voltage sources are needed L Sl I T 3
Va2
. . Vi1l ¢
= Biasing electrodes are processed on |

50 pm thick Hostaphan films
» breakdown voltage: 220 kV/mm
» narrowest structure: 60 pm

= LC cavity has a total length of 120 mm
> Aoy, ~ 600°

= Measurement are carried out in

two steps
» WR42 & WR28
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: High performance phase shifter TECHNISCHE
il ol Ah UNIVERSITAT
DARMSTADT
EFUMW: 201 6 LISA-ES
= Results iy et sl Pl i
> Return loss better than 12 dB 2 ISol Meas.par 9 [9,4] leas. par

—4— |S5¢| Meas. perp. —— [Sy4| Meas. perp.

> Insertion loss around 3 dB (4 dB) for 0 P i EE R AN A
parallel (perpendicular) orientation 'y

= No perfect match to simulations

ISl & IS/ [dB]

‘ ,m

- ) il
sy |
di! z:“ Il wl#' ﬂj |"

‘|\|||i
_2Og ll'I, ”] H\ M |

Sl "“'r” U M
‘l"i'l ! '

! 11
-25 NN lln Ll
28
Frequency f [GHz]

ll{ ‘ ﬂ"

2 24 26
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. .9 High performance phase shifter TECHNISCHE
Rl [l 84 UNIVERSITAT
DARMSTADT
EFUMW= 201 6 LISA-ES
= Results
» Return loss better than 12 dB
» Insertion loss around 3 dB (4 dB) for
parallel (perpendicular) orientation
o 600 w20 @
= No perfect match to simulations g w -m- 3
= | RN Tk %
A % 400 160 &
FoM==% [FoM]=°dB £ g
IL £ 200 120 o
= differential phase shift better than = &
460° 02 % 3 a0 2 @
Frequency f [GHZz]

= FoM around 130°/dB
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High performance phase shifter
LISA-ES

High performance phase shifter

(D TECHNISCHE
UNIVERSITAT
DARMSTADT

MEUMV\{ 20: 6 LISA'ES

Technology Topology |f[GHz] | Ao [°] |IL[dB] FoM [°/dB] Ref. |

Varactors loaded transmission line 6 410 6 68 [ElI+03]

InGaAs PIN switch diodes 28 349 7.8 45 [Yang+11]

distributet MEMS CPW 40 84 1.8 47 [Bar+98]

MEMS loaded transmission line (4 bit) 60 250 3 83 [Kim+02]

Hybrid distributed RTPS 15 3375 22 153 [Pil+12]

MEMS & CMOS RTPS (CMOS 0.18 pm) 65 144 3.2 42 [Cha+13]

BST loaded CPW 9 405 7.6 53 [Saz+11]

loaded CPW 40 600 27 22 [Velu+07]

inverted microstrip line 24 330 3 110 [Mue+04]

finline 40 303 4.8 62 [Mue+05]

ridged waveguide 94 500 7.2 69 [Mue+06]

LC loaded CPW 20 90 1.5 60 [Goe+09]

hollow waveguide (magn. biasing) 35 110 0.55 200 [Gae+09]

hollow waveguide 29 550 4.2 130 [Wei+13a]

hollow waveguide (magn. biasing) 100 309 2.3 135 [Jost+13]

LC & LTCC SIW waveguide 28 400 9.7 41 [Str+14]

LC & MEMS loaded line 93 190 4.5 42 [Fri+11]

LC & CMOS CPW (CMOS 0.35 pm) 45 275 5.35 52 [Fra+13]
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= Planar phased array antennas

= Conclusion
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SatCom On-the-Move Applications Large Market Potential

=  Future GEO-/MEO-/LEO-Satellites for
Broadcasting & Communications Services in
C-/Ku-/Ka-/K-Bands

Demand

= Electronically Reconfigurable Antennas

= Affordable: Low Cost Technology

= Aesthetic: Compact and Low-Profile

Onboard internet, satellite TV reception
in automobiles, ships, boats, airplanes

Some Requirements
Phased-Arra Phase Shifter

Large Scanning Range 360° Phase Shift

High Antenna Gain Low-Insertion Loss
2D beam steering Compact A < (10/2)?
Low cost Full integration
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Top layer

Spacers

Polyimide film

" ] 9
Gold ground plane

Bottom layer Glass substrate
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EuMW 2016

— !
E====0 o

= Sealing

= LCHill

» Pre-alignment effect (Polyimide film)
» RF field propagating along structure
= Applying DC voltage to tune the LC
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‘v Egﬁ% E. 10 tans, = 67E-3
CO=Z2/nNS=D f :

Material Quality

-— -— T El — &
O=2ZImis=0
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Planar phased array antennas

EuMW 2016
Microwaves Everywhere

Response Times (Planar topology)

Q=:===90

*

y
Tpe € — - d?
Off Kii

Toff = 1..20s
Applying
Bias Compared to
2...15ms in LCD Releasing
Bias

d2

Il

y._ <« v :
oK (V/Vth)2—1 . -é—i“‘" RE.

Ton = 10ms..1.3s
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@ @ @ ]+ Glass Substrate

/ Electrode

«1 (Meandered Line)

® Alignment Layer
«— | (Polyimide Film)
|~ Spacers, ym
o (¢} (¢} o~
Front - & E :

* FoM =90°/dB @ 17.5 GHz
*£=6.12,
* 100 um LC layer

* Response time =10 s s iy I
* Gy = 6 dB l‘j
M TECHNISCHE
al Planar phased array antennas UNIVERSITAT
DARMSTADT

EuMW 2016

Microwaves Everywhere

—0° —@=12° ——21° @ 17.5 GHz |—0° - -10° ——-23° ——-27°

15° 0% -15°

30° -30°

-00°
3 GdBi
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Planar phased array antennas UNIVERSITAT
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EuMW 2016
Gpax > 30 dB — 30 cm x 30 cm, including
32 x 32 rad. elements + biasing patches
M Grating lobe free region ©,, < +55°
= 3
=
) 30‘\
£ o
)
@
é 20
=)
B
High Gain » Larger Aperture e
» Technology and proposed layout S
are scalable = - N S S S
= 8 x 8 Elements (Lab Demonstrator) Main Beam Direction, ©,,/ °
» 64 x 64 Elements (Commercial)
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= | ondon, UK systems
= SiGe technology |éa
= Quasi phase shifter — WWW
teChnOIOQy Bundesministerium
- Price around 10 k€ *|'mm":"
O w  eXIST
= Primarily military, then Laongunnger

trains, aviation

aufgrund eines Beschlusses
des Deutschen Bundestages

http://www.alcansystems.com/

= Darmstadt, DE

Redmond, USA KYM.:. A = LQ based phased array approach
CONNECTED. ANYWHERE. * High scanning range, no need to any
/ pre-alignment

LC based Metamaterial
antenna: 6.000 $

= Backing by Bill Gates = EXIST Research Transfer Programme,
» Product for fixed terminals BMWi .
in Q1/2015 " _Product for transportable terminals
. v del | in Q4/2017
Currently delayed = Will be affordable for end-users, mass
production
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= Motivation
= Fundamentals of Liquid Crystal
= High performance phase shifter

= Planar phased array antenna

/%
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Overview of In Flight Connectivity and
Airborne Terminals Developments at ViaSat
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ﬁg':((":; : . ViaSat-1
R A 5 7 ~140+ Gbps

~2 Gbps g % A : ~6700 kg

~5900 kg

ViaSat-2
AP s ‘ Launching
WildBlue-1 : in 2016
~7 Gbps WAL 4 " 9 ncoUp 'Y 7x the

~4700 kg - coverage
2x the

capacity

ViaSat High Capacity Satellite Roadmap

EuMW 2016

MMMMMMM vos Everywhere

COVERAGE

Global

(2019-2020)
- 3x ViaSat-3 (=3 Tbps)

Regional (2017) Satellite Capacity (Gbps)
- ViaSat-2 —

-
= CAPACITY

@ Domestic (2011) -

- ViaSat-1

- Eutelsat - KaSAT
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Residential Broadband Access
EXEDE & Tooway

EuMW 2016

North America Europe

800,000+ Subscribers 200,000+ Subscribers
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In-Flight Connectivity

EuMW 2016
Microwaves Everywhere

» 700+ global aircraft in Ku & Ka bands

» Various Commercial and Government
Aircraft

» Millions of operating hours
» High performance ISR missions
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Airlines Value Passengers Engagement
Airlines Value Happy Customers

EuMW 2016
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&  Yesterday Onboard Wi-Fi Reality

EuMW 2016
Microwaves Everywhere

»Not many users
> Take Rate 3% to 8%

»Not very satisfied

> Page Load Times
» 30 to 60+ sec

Happy Passengers
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Speed = Happy Customers

Airline WiFi Web Performance

ViaSat Exede
Panasonic

Row 44

gogo

20 30 40
AVERAGE PAGE LOAD TIMES

» Need bandwidth to sustain speed in the face of
high penetration
» Speed = good experience

» Need cheap bandwidth to enable engagement

» How much capacity will it take to achieve
engagement & happy passengers?

» Hypothetical test case:
> Take rate of 60%
> 45 MB per session average
> 2500 aircraft (3 airlines)
> Two thirds flying

» Answer = 4.5 Gbps




£ What network can offer this?

EuMW 2016

150+ Gbps
1o 1
14
12
10
8
6 - Satellites
A S—
2
0 - ‘ ‘
ATG Ku-band Global Xpress HCS Ka
ViaSat/Eutelsat
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£ Business Models

EuMW 2016

» Bandwidth is the key driver
» Plentiful & Cheap

» Enough bandwidth to sustain high speeds in
the face of high take rate & usage

» Nobody will sponsor a bad experience

» How much do you give vs. sell?

» Possible to make everyone happy and make
money / enhance value at the same time
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eéxebDe |nflight connectivity as at home

IN THE AIR
EuMW 2016

500+ aircrafts in service

1M+ users connected

12 Mbps average per passenger
50% take up rate

amazonPrlme BES?\WI
o @

V' N 10"'7—

BEPSI TECH i,
You -
Tu e '? zou—\\"
{ EXCELLENCE\"?
| Remaived
b’ Google play
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Mantarray-40 Mantarray-32
» Medium profile antennas for narrowbody and widebody aircraft

» Two versions: Mantarray-40 and Mantarray-32
» Radome and mounting kits for various aircraft under development

Item Description

Antenna Class Two-way (Tx & Rx) medium profile (height < 10”) airborne antenna
Aperture Ka-band dual polarized waveguide horn array
Positioner Elevation (EL)-over-Azimuth (AZ) positioner, DC servo motors

Built-in airborne transmit/receive integrated assembly (ATRIA) based

RF Electronics on SurfBeam 2 consumer technology

WMO07 New Developments for Satellite Communications on the Move Slide 14 of 126 M



W Ka Mantarray Architecture

EuMW 2016

IFL1
Stacked IF for OTA data into /out of AAU

ATRIA telemetry into/out of AAU
_ HPA enable into AAU N
AAU d >
Airborne Antenna Unit IFL2 AMU
- PSU status to AMU Airborne Modem Unit
Reference to AAU
ACU M&C communications
DC cable
48VDC
48 V retum
o PSU
o Power Supply Unit
WMO7 New Developments for Satellite Communications on the Move Slide 15 of 126 M

Key Requirements & Capabilities
Transmit & Receive Performance

Parameter Requirement Capability

Rx RF Frequenc 18.3 to 20.2 GHz, 500 MHz Instantaneous

x quency Bandwidth

Rx G/T* M40: 12.5 dB/K typical, at 19.95 GHz
M32: 11.3 dB/K typical, at 19.95 GHz

e Circular, receive orthogonal to transmit

Rx/Tx Polarization polarization

Tx RF Frequency 28.1 t0 30.0 GHz
43.5 dBW minimum, at 29.5 GHz, at 36K feet, level

Tx EIRP flight, including radome loss of 1.2 dB, excluding
pointing loss.

Antenna Tx Cross-Pol N

Discrimination (XPD) -23 dB max (-25 dB objective), peak of beam

* Altitude = 36,000ft Ambient air temperature = -55°C (218°K) at Altitude
Sky noise temperature = 10°K at 45° elevation
Aperture and beam former physical temperature is equal to air temperature

WMO7 New Developments for Satellite Communications on the Move Slide 16 of 126 M



Key Environmental Requirements

EuMW 2016

Parameter Requirement Comply?

Temperature & DO-160F Section 4 Cat D2 Mod c |

Altitude DO-160F Section 5 Cat A omply
Humidity DO-160F Section 6 Cat C Comply

. . DO-160F Section 7 Cat B (Level F2)
Shock & Vibration DO-160F Section 8 Cat S (Curve C) Comply
Waterproofness DO-160F Section 10 Cat W Comply
Fluids Susceptibility 8;)';/1)60F Section 11 Cat F (Propylene Glycol Spray Comply
Sand & Dust DO-160F Section 12 Cat S Comply
Fungus DO-160F Section 13 Cat F Comply
Salt Fog DO-160F Section 14 Cat S Comply
Icing DO-160F Section 24 Cat A Comply
WMO7 New Developments for Satellite Communications on the Move Slide 17 of 126 wasal

& 8 \edium Profile Airborne Ku/Ka

EuMW 2016
waves Bvorywhors

Microwaves Everywhere

» KuKarray combines Ku-band and -
Ka-band into a single antenna l

» Antenna and radome currently in
development — DO-160 certification
in late 2014

WMO7 New Developments for Satellite Communications on the Move Slide 18 of 126 VIaSat



W High Profile Airborne Ku-band

EuMW 2016

VR-12Ku VR-18Ku
Airborne reflector antenna for tail, fuselage or hatch mount
Operates over ViaSat’'s Yonder Ku-band network
Installed on commercial and military platforms
Over 600 antenna systems delivered
» VR-18Ku in development

¥

v

v

v
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EuMW 2016
Microwaves Everywhere

» Developed from ViaSat's VR-12
Ku-band antenna product

» Tail, fuselage or hatch mount

» Operates with ArcLight and
Surfbeam 2 modems

» Cross-pol or Co-pol versions

» Larger reflector sizes are on the
product roadmap — VR-18Ka

VR-12Ka

WMO7 New Developments for Satellite Communications on the Move Slide 20 of 126 WiaSat



Hatchmount Airborne Antennas

EuMW 2016

“ - ey ) oy
— - A ST o TE U AT
S e ol e

» C-130 Hatch mounted VR-12 Ku and Ka

-

» Developing Ka-band antenna for C-17 hatch
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CONFERENCE /-

T
4 EUROPEAN
MICROWAVE

The 46th European Microwave Conference

Integrating Microwave Components in
the Wings of a Remotely Piloted Aircraft

Dr Joseph A. Barnard

Barnard Microsystems Limited

joseph.barnard@barnardmicrosystems.com

Slide 22
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Background

EuMW 2016

Microwaves Everywhere

Remotely Piloted Aircraft
(RPA) engaged in civilian
applications often need
Horizontal scan line to be operated Beyond
idisialtcienbancelinlioel Line Of Sight (BLOS).

In order to operate
BLOS, an RPA requires:

* Reliable airframe and
avionics

¢ Asatellite based
communications link
with the Remote
Pilot Station (RPS)

¢ Collision Detect and
Avoid system.

Slide 23
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Satellite communications in RPA
applications

EuMW 2016

Microwaves Everywhere

Data Relay satellite

Measured "Double Hop" satellite data relay
ping time in milliseconds

i

2 L v B T}
N -—4 SN O A NMm
oo o NN

i

oS oo
N ©
N NN

|

- Configuration and
data relay path for a
N N “double hop” sitcom
L terminal to sitcom
terminal link. The
average data relay
latency measured was
3.4 seconds:
* RPA - RPS telem
* RPS - RPA cmds
Slide 24
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N T Example: locating a Ka band satcoms
EuMW 2016 unit on a RPA

Microwaves Everywhere

Left: the Ka band satcoms terminal mounted in the
fuselage of a General Atomics Reaper RPA.

"~ The sheer size, weight and cost of this type of steerable
antenna used in this Ka band satcoms terminal makes
this solution difficult to implement on a mid-sized RPA
engaged in civilian applications.

Typical satcoms data relay bit rates:

* Lband: 50— 150 kbit / sec
* Kaband: 2 -6 Mbit / sec clear sky

Slide 25
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80 ) The BML InView RPA, for use in civilian
EuMW 2016 applications

Microwaves Everywhere

Example of a mid sized RPA
engaged in civilian applications:
the BML InView, twin engine RPA:

* 6m wingspan

* 800 mm wing chord

e 2x 1,650 Watt electrical
generator

The problems with standard
satcoms antennas are:

* aerodynamic drag - sometimes
* mechanical reliability

* no graceful degradation

Slide 26
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X Close up of the Cobham Explorer 325
EuMW 2016 antenna

Microwaves Everywhere

Close up of the mechanically
steered L band satcoms unit in
the Cobham Explorer 325
terminal, showing the Tx and Rx
helical antennas. The good points
about this antenna are:

* Horizon to — horizon coverage
* Low cost

The not so good points of this
antenna for this application are:

- * Aerodynamic drag

* Reliability issue of mechanical
beam steering

* Inability to traverse 360°in a
continuous rotation

Slide 27
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Patch antenna supporting electronic
EuMW 2016 beam steering

Microwaves Everywhere

These photographs show the 320 mm x
160 mm prototype L Band patch
antenna array, with a Styrofoam (“Blue
Foam” cover plate. In this example, we
are exciting a linearly polarized signal.
Bear in mind the Inmarsat system
operates with Right Hand Circularly
Polarized (RHCP) signals.

Slide 28
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Effect of Styrofoam top cover
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Microwaves Everywhere

Resonant freq shift [MHz] vs thickness of styrofoam [mm]

1.2

0.8
0.6
0.4

0.2

There is a very small frequency change (measured at 100 kHz for a 30 mm thick

Styrofoam sandwich) when there is a 7.5 mm air gap between the patches and the

Slide 29
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Filter + Patch antenna combination

EuMW 2016
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Adding a top
resonator patch to
form a coupled
resonator circuit
enables the broad
banding of the patch
antenna.

Slide 30
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File  Trace/Chan Response Marker/Analysis Stimulus Utility Help L ft . h
YR Marker 1 1.3985000000 GHz @| eft: moving the top resonator
IS patch with respect to the

&LogMSOOOdB/ 0.00dB
0.00 ﬁ /"R 199 GHz [2141TdB Print... .
\( underlying patch enables the
o0 \ / / rge || tuning of the resonant
000 == | frequency of the patch
\ / \ / print
-15.00 U to File... antenna-
-20.00 V\i \
i ng movement

-25.00

move by 5mm
-30.00

-35.00

-40.00

-45.00

-50.00 [Ch1AvgF 16/16
1 >Ch1: Start 1.20000 GHz — Stop 2.00000 GHz

Cont. / Chi Trl1 Sil& Mem C 2-Port Avg LCL
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Tuning the patch resonant frequency
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Patch fO frequency [MHz] change with offset [mm] of top plate Left: mOVing the top resonator
1470 patch with respect to the
underlying patch enables the
tuning of the resonant
frequency of the patch
antenna.

1460
1450
1440

1430

¢ Solid line = measured
* Dotted line = trendline

1420

1410

The frequency shift is about 55

MHz for a 5mm top patch

1390 movement, providing ample

' 4 ' ' opportunity for frequency

trimming of the patch resonant
frequency to account for
dielectric constant differences.

1400
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-----

Use of a FSS to reflect
unwanted signals from the
L band Tx antenna to
reduce the potential for
interference with other
sensors on the RPA.

WMO07 New Developments for Satellite Communications on the Move Slci)c;elgz
46T\ AN
EUMWEZ)QV:G The 46th European Microwave Conference
An Integrated Simulation Approach
for SATCOM Phased Array Design
Dr. Marc Rutschlin
CST AG
marc.ruetschlin@cst.com
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Simulation Challenge
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How do we design a SATCOM antenna array with fine
geometric detail to function correctly on a large aircraft?

element: fine geometry array(s): 100s of elements

via radius = 0.4 mm

aircraft: electrically large
length =42.6 m
(2059 A at 14.5 GHz )

Ku-band SATCOM:
= linear polarization
= Uplink: 14.0 — 14.5 GHz

Slide 35
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SATCOM Array Design Overview

EuMW 2016

Microwaves Everywhere

Element design Array design Place on platform

Of interest: Of interest: Of interest:

= Active Element = real scanning behaviour = effect of platform on
Impedance (AEIl) and » non-periodic structure antenna
Active Element Pattern effects = coupling from array to
(AEP) other antennas

= predict large array
performance

Slide 36
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Several Simulation Stages
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Element design Array design Place on platform

/

Different solvers required at each stage...

= ki i

Field
FEM source MLFMM
coupling

. L Slide 37
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One Simulation Environment
EuMW 2016
Element design Array design Place on platform

B IIE Opt1-Unt Cell Design | All stages of workflow in
/8l Unit celn ) . .
& [ Sweep-Study Radome Spacng Element design one design environment

S| Full Amay - Reference

@ Full Array - Centre Element Only Array design 1
Bl Full Amay -Radome | l' )
3 Full Aray2 - Installed fl Place on platform
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F oy 1. Antenna Element Design
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icrowaves Everywhere

Optimization at unit cell level

m
L3
o
=
3
@
o
@
&
-

=] Sweep1-Study Radome Spacing
8. Unit Cell2 with radome
S| Full Aray - Reference
S| Full Amay - Centre Element Only
@B/ Full Aray - Radome
3| Full Aray2 - Installed

Slide 39
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Design with Antenna Magus

EuMW 2016

Microw raves Everywhere

Requirements: low profile, broadband, dual-polarised

Elliptical-ring stacked " Desion Objectves - Growp 1 Alal
pin-fed linearly e 114 -
- fo - z
polarised patch anten... e .
Initial design to
Frequency Bandwidth

LT S array element
fmax uﬁt,s GHz
bw (%) 35088 % ]

bw (atio) 10357 ]

bw(de) |Arithmetic -l

Properties 1
Substrate top

Name RT/duroid 5880
Manufacturer Rogers
Substrate 787 um

AntennaMagus

v

B
Ht £t tandt
Df _"%-
— A
Jb_ &b, tandb
v
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Create Unit Cell Create Full Array
Simulation Project Simulation Project

Full Floquet port unit

Simiation Project Properie SR | s
oo |50 cell boundary
o - conditions
S oy— e Higher order curved
zidv'\?:ovmgwumo Mac 60 tetrahedral mesh
Project template: Sep: 10
el ] Consider farfield symmetry
Solver type:
T —
Dkt R
. L Slide 41
WMO07 New Developments for Satellite Communications on the Move of 126
EuMW 2016
Microwaves Everywhere
Goal: Active Element Impedance (AEl) <-10 dB
for all scan angles and frequencies of interest!
outside loop
Modify key geometric parameters y—————— ‘:
inside loop o o n-::u
Qpoore.
Sweep unit cell boundary p—
phase to record AEl for ===~ - o
multiple scan angles. -
J
Slide 42
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Active Element Impedance
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icrowaves Everywhere

PAA_UC_PHI in degrees

AEl at 14.0 GHz AEl at 14.5 GHz

S-Parameter [Magrtude i dB) S-Parameter [Magritude n dB)
%0 10 %0 -
80 80
n 0
60 &0
S0 S0
4“0 40 LS. ... R
E E
0 $ 0
10 3 10
] E 0
&
-10 3 -10
2 3 208
N |
40 | 40
S0 S0
€0 €0
70 -0
&0 &0
%0 <0 0 -
80 S0 20 10 40 80 80 S0 - 40 80
PAA_UC_THETA n degrees PAA_UC_THETA in degrees
) o Slide 43
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Port Isolation

EuMW 2016

icrowaves Everywhere

PAA_UC_PHI in degrees

|S,,| at 14.0 GHz |S,,| at 14.5 GHz

S-Parameter [Magrtude n dB) S-Parameter [Magrtude i dB)

%0 90
-10
80 80
7 7
i RO T SR R R R 60
50 50
40 [P PR w0
0 k. 0
20 $ 0
10 3 10
0 - 0

&
-10 -10

54
20 2 20

S
30 0
-0 -0
0 o (R R L I SISO .
0 €0
20 0
&0 ) ...

< ;
0 2 P :
& 50 0 ) - 50 40 0

20 10 20 10
PAA_UC_THETA i degrees. PAA_UC_THETA n degrees.
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2. Array Design
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Design at full array level

=) #| Phased Amay Antenna
- @ Opt1- Unit Cell Design

8 Unit Cellt

=] gleep%Study Radome Spacing

Full Aray - Reference I

k] - 5

Full Array - Centre Element Only
@_Full Aray - Radome
@3 Full Amay2 - Installed
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EuMW 2016

Microwaves Everywhere

ElementsinX: 20 [O Active
ElementsinY: 20 []Passive
Grid Angle:  90° []Empty

omo
000
Create Unit Cell  Create Full Array
Simulation Project Simulation Project |
Slide 46
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Simulate full array without approximation with numerically
efficient time domain technique

as
26.4
2.9
21.3
1.8
14.2
10.7
7.1

3.55

-1.45
-2.89

-4.34

-5.78

-7.23

-8.67

-10.1

-11.6

(FO:?‘;:;::M“ 145 / §3‘":;nem 10‘3& Ig
E g Gain . 28.43 dB \— Gsi;1 i 25‘ 51dB

Gain at 14.5 GHz, scanning at Gain at 14.5 GHz, scanning at
PBA conformal 0 =09 0 =50° Slide 47
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Addition of Radome

EuMW 2016
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Addition of full curved radome to array

Slide 48
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Effect of Radome on Farfield
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Microwaves Everywhere

Farfield with radome Farfield in vertical plane

0 — no radome

— with radome

49.0 deg. ion
10.9 deg. Angular width (3 dB) = 10.9 deg.
Side lobe level = -20.7 dB Side lobe level = -20.8 dB

Slide 49
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3. Installed Performance
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Performance of antenna on aircraft

=] :l Phased Aray Antenna
= Opt1- Unit Cell Design
8l Unit Cellt
=] E Sweep 1-Study Radome Spacing
8l Unit Cell2 with radome
S| Full Aray - Reference
3| Full Aray - Centre Element Only

Sl Full Amay2-Installed I
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Fg Simulate Array on Aircraft

EuMW 2016

icrowaves Everywhere

Replace antenna detail by equivalent Near Field Source

aircraft length: 42.6 m (= 2069 A)
wingspan: 34.9 m (= 1687 A)

E-field at 14.5 GHz

<
Simulate antenna with

time-domain solver

Slide 51
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Installed Performance Effect

EuMW 2016
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== NFS in space

=== NFS on aircraft

Slide 52
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SATCOM Array Design Summary

EuMW 2016

waves Everywhere

All design stages with suitable solvers in one environment

>

= Element design: optimisation for all scan angles simultaneously E
>

= Full array: full model with non-periodic effects h
. > B>

= |nstalled performance: platform effect and coupling ﬁ B

Element design Array design Installed performance

-

WMO07 New Developments for Satellite Communications on the Move
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MICROWAVE

The 46th European Microwave Conference
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Why Mechanically Scanned Antennas
Have to Cope with the New Generation
of Low Profile Aeronautical Terminals ?

Raimondo Lo Forti

Space Engineering S.p.A.

rudy.loforti@space.it
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. Satcom On The Move (OTM) is becoming more and more demanding;

] Historically speaking, mechanically scanning antennas represented the answer to the
communications OTM via satellite for a long time (the most important example was
the Satcom on the ships);

Ll Recently the migration of Satcom OTM from the ships to the High Speed Trains and,
later on, on-board the aircrafts has shown the needs of having low profile antennas
for minimizing the installation issues;

= Since then it seemed that mechanical antennas had no more room due, manly, to its
dimensions;

] Therefore a more and more attention was paid to the flat antennas;

] Final step was to think about the possibility of introducing Phased Arrays for solving all

these issues;

= We will concentrate our analysis on the airborne satellite antennas.

Slide 55
WMO7 New Developments for Satellite Communications on the Move 0f 126

D
)

Satcom antenna OTM expected characteristics

7

EuMW 2016

Microwaves Everywhere

= Low profile antenna is requested in order to disturb as less as possible the aircraft
flight;

] Good RF performance between 0 and 90 degrees;

] Good agility in the beam steering, both in azimuth and elevation;

= Good RF power handling (especially for military use);

] Capability of handling more than one frequency band is a plus;

= Capability of handling both Tx and Rx frequency bands, with the same aperture, is a
merit;

= Low weight is very much appreciated;

] Third axis scanning capability is welcome;

= Antenna patterns compliance with ETSI masks is mandatory.

Slide 56
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= PROS:
v" Very simple and well
consolidated solution
(even with 3 axes beam
scanning).
= CONTRAS:
v' Beamwidth too large;
v" Poor RF performance.

= First example (being used as
comparison of conventional reflector
antenna mechanically steered)

= PROS:
v" Simple antenna solution;
v" Quite good RF performance.
= CONTRAS:
v' Quite large horizontal swept
volume;
v" No 3th axis.

= The evolution was to use an
elliptical aperture for meeting
better the foreseen swept
volume

u

Slide 57
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EuMW 2016
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=  The array aperture is subdivided
in two sub arrays of patches. The
overall antenna height may profit

= PROS:
v’ Better RF performance
at higher scan angles;

from that. v’ Lighter solution.
=  Azimuth& elevation mechanically = CONTRAS:
steered v" Phasing network to

align RF signals;
v Blocking effects.

=  The array aperture is subdivided
more and more in small sub-
arrays of radiating elements. The
overall antenna height may be
reduced a lot

= Azimuth and elevation
mechanically steered v

= PROS:
v’ Better RF performance at
higher scan angles.
= CONTRAS:
v' Complex phasing network
to align RF signals;
Less blocking effects;
v Poor RF performance at low
elevation angles.
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= The array is fed by a low losses
BFN.

=  Azimuth&elevation
mechanically steered

= PROS:

v" Compact solution;

v" Quite good RF performance.
= CONTRAS:

v No 3rd axis;

= PROS:
v’ Less compact solution;
v" Quite good RF;

= The array is split into two :
subarray( one for Tx the other
for Rx).

. L performance
= Cross axis beam scanning is v’ Cross axis handling
electronically implemented = CONTRAS:

=  Azimuth&elevation
mechanically steered

v" BFN complexity
v" Reduced RF performance.

Slide 59
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PROS:
v' Very low profile &
compact antenna solution;
CONTRAS:
v Poor RF performance at
low elevation angles;

= Two flat arrays (one for Tx the
other for Rx)

= Azimuth&elevation
mechanically steered
(elevation scanning, by

converting the horizontal v No 3rd axis.
scanning into the vertical
scanning)

= Aflatarray feeds a = PROS

metamaterials layer

= No mechanical movements are
foreseen.

=  Beam deflection is performed
via a “TV screen like” matrix

v" The most compact and low
height solution;
v Quite light (?);
v Potentially 3 axes.
CONTRAS
v Poor RF performance at all
the scanning angles
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Satcom OTM: in house developments
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> YEAR 2004

s Wideband transmit / receive Ku-band
airborne antenna:

= compact system for easy accommodation
on aircraft;

= dual shaped reflector antenna;

= very stable structural layout;

= simple pointing system;

= complies with RTCA DO-160 D radiated
emission limits;

= fully qualified manufacturing.

Slide 61
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Satcom OTM: in house developments
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> YEAR 2006
Ku-Band T/R Low-profile Antenna With Polarization Adjustment

-
-

Ku-band Tx/Rx antenna: back view  Ku-band Tx/Rx antenna: front view

Antenna size:
Low losses BFN 600 MM X160 mm X 65 mm

US Patent P500033-US-NP
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Satcom OTM: in house developments
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> YEAR 2008

An example of a full Phased Array approach

= PROS:

v" No rotating parts;

v" No key-hole issues.

= CONTRAS:

v Poor RF performance
(especially at low
elevation angles)
compared with the

antenna complexity;
. to track the linear polarization v Extremely complex and
. to steer beam (+/- 180° el.; 0°/ costly.
360°Az.); 7R
. To use used both in Tx and Rx

through a dual-band self-diplexing
patch.

. ESA study for a Full Phased Array able to
scan the antenna beam within an
hemisphere including:

= design of an active Tx/Rx
K,-band antenna;

= manufacturing of a 5-active feed
demonstrator.

. The system allows:
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Satcom OTM: in house developments
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Active T/R Unit

Slide 64
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An example of a full phased array approach (cont.)

Achieved antenna RF performance

1= " —~ HESA Antenna G/T
/ \ Embedded Pattern
/"\ \ . 10.0
/'/ \.. L — &
L_ __yl._— S g 9.0
Ses
=
O 80
75
Requirements Antenna 70
920 75 60 45 30 15 5
Radiation gain pattern over RF | In agreement with (*) Elsyaiioniden]
band
Operative antenna field of view | 0° < @ < 360° Antenna Diameter 840 mm
=@ =ew Antenna Height 390 mm
G/T over RF band, in the entire | > 8 dBK-1
field of view and for every Mass 95Kg
selectable polarization Number of Tile 40
SR G R BEe [ i SaREW Number of Radiating Element per Tile 36
entire field of view
Number of beams 1 Total Number of Radiating Element 1440
Cross polarization >15dB Tile turned-on per beam 14
discrimination (including iating El 4
pointing error) Radiating Element turned-on per beam 50.
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Satcom OTM: in house developments
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> YEAR 2009

Birth of “Beam Waveguide” concept applied to
Satcom OTM

‘Y

e
TSt
PACKATE

seanvew

NOTE 14 TS CONTIGURATION, THE BYPASS 8O 5 ACTIVE

Example of guided RF energy through confocal mirros

Sirio satellite
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Birth of “Beam Waveguide” concept applied to
Satcom OTM

Optics|axis

o NegLg®

I Rotation axis |

Fixed feed & RF chain

= 3 confocal/shaped mirrors for an
almost compensated optics
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Satcom OTM: in house developments
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First example of “Beam Waveguide” concept
applied to Satcom OTM

= Train-Sat Ka-band Antenna

Ka Band railway radome under test
by using KASATSatellite

v Fixed RF chain(s);

v" Very low losses;

v" Robust and stable;

v" Simple and flexible;

v" Ready to be a bi-band solution.

=  CONTRAS:

v’ Significant aperture blockage ;

v" Limitations in the maximum ratio
between horizontal and vertical
dimensions.
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> YEAR 2010

Second example of “Beam Waveguide” concept applied to
Satcom OTM: Ku/Ka bands JADA antenna

Rx Rx
G/T 9.0 dB/K @ 11.7 GHz G/T 9.5 dB/K @ 20.7 GHz
Polarization Linear H or V Polarization Circular RHCP or LHCP
cross polarization cross polarization
product Better than 15dB product Better than 25dB
RF frequency 10.95 GHz to 12.75 GHz RF frequency 19.20 GHz to 20.20 GHz
IF frequency 950 to 2000 MHz IF frequency 950 to 1950 MHz
Tx Tx
EIRP 45 dBW (with 40W BUC) EIRP 50 dBW (with 40W BUC)
Polarization Linear H or V Polarization Circular RHCP or LHCP
cross polarization cross polarization
product Better than 20dB product Better than 25dB
RF frequency 13.75 to 14.5 GHz RF frequency 30.0 to 31.0 GHz
IF frequency 950 to 1700 MHz IF frequency 1000 to 2000 MHz

B =  Two axes Ku/Ka bands antenna
with polarization control
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> YEAR 2012

Third example of “Beam Waveguide” concept applied
to Satcom OTM: Enhanced JADA antenna

Antenna Swept Volume

\

= Enhanced reflector antenna: 800x290mm

radiating aperture dimensions

Mechanical

Maximum height: 350 mm

Antenna Swept Volume Maximum circular diameter: < 1000 mm

Slide 70

WMO7 New Developments for Satellite Communications on the Move 0f 126



Satcom OTM: in house developments

EuMW 2016

Microwaves Everywhere

Third example of “Beam Waveguide” concept applied
to Satcom OTM: Enlarged JADA antenna (cont.)

Ku-Band Ka-Band
Rx Rx
G/T 12.0 dB/K @ 11.7 GHz G/T 13.5 dB/K @ 20.7 GHz
Polarization Linear H or V Polarization Circular RHCP or LHCP
cross polarization cross polarization Better than 25dB
product Better than 15dB product
RF frequency 10.95 GHz to 12.75 GHz RF frequency 19.20 GHz to 20.20 GHz
IF frequency 950 to 2000 MHz IF frequency 950 to 1950 MHz
Tx Tx
EIRP 48 dBW (with 40W BUC) EIRP 53 dBW (with 40W BUC)
Polarization Linear H or V Polarization Circular RHCP or LHCP
ot cross polarization
crossp;:g(ljaur(l:ztanon Better than 20dB product Better than 25dB
RF frequency 13.75to 14.5 GHz RF frequency 30.0t0 31.0 GHz
IF frequency 950 to 1700 MHz IF frequency 1000 to 2000 MHz
=  Expected antenna RF performance
. N Slide 71
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> YEAR 2015

Metamaterial antenna system (developed in parallel)
to cope with ground Satcom OTM

'Fl;w)o flat arrays (one for Tx the other for = PROS:
X);

v" Compact and simple;
v' Low losses antenna solution;
v' Low weight.

Azimuth&elevation mechanically steered;
Elevation beam steering, by rotating a
phasing surface.

= CONTRAS:
v" Poor RF performance at low
Mechanical steering baseline solution elevation angles.
. N Slide 72
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» Coming YEARS

New antenna layouts for 2.0 Space Engineering
Satcom OTM

= New generation of S.E. antennas for mobile application
(especially for aircrafts) should exhibit:

= One single aperture for both Tx & Rx sections;
= Horizontal/vertical/cross axis scanning capabilities;
= Polarization control as simple as possible;

= Low losses between the antenna aperture and the H
Front-End input port; 2
= Easy handling of two frequency bands; ‘

fiber/fiber glass/etc. materials);
= Reasonable cost;
= Quite good filling factor (FF is defined as the ratio between S.E. Antenna designer
the effective antenna aperture and the antenna swept volume)
= Simple antenna layout

= Reduced weight (through the exploitation of carbon a
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= A brief overview has been carried out on the evolution of the antennas for Satcom OTM
applications. The main aspects come out from the analysis are the following:

v" No room for really flat antennas (either mechanically or electronically steered), in
case a good satellite link is requested at very low elevation angles;

v' Conformal Arrays, fully electronically steered, might exhibit acceptable RF
performance at very low elevation angles. Nevertheless they still exhibit high costs
and complexity;

v" Mechanically steered arrays might be a reasonable answer, provided RF BFN does
not introduce too many losses;

v" Mixed solutions (mechanical/electronic) might handle the 3" axis issue, but
reducing its RF performance and increasing the antenna complexity;

v Simple polarization handling capability is highly recommended;
v High RF power handling, for military application, would be very much appreciated.
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GaN based, passively cooled
L-Band SSPA for Avionics

Suat Ayoz

Honeywell International s.r.o.,
Brno, Czech Republic

suat.ayoz@honeywell.com
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Motivation — complex signals
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e Aeronautical SatCom terminals employ new communication

standards
* FANS system based on BGAN (INMARSAT), and ANTARES

e Complex modulated signals with high PAPR (CDMA or QAM)
e Linearity requirements dictate large back-off from the output PA
e Low average efficiency and increased thermal dissipation

107 T T
Sx
= DC Imarsat PDF X
= = = DC Inmarsat CCDF \
10" F | ——SC Inmarsat PDF \
= = =8C Inmarsat CCDF

10° F

107 ¢
X:9.163
Y:0.0117

PDF [%] / CCDF [%]

102}

103 : : ‘ ‘ : :
25 20 -5 -0 5 0 5 10

Power normalized to average [dB] Slide 76
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e Limited available room and restrictions on air cooling due to noise
e Air cooling systems also prohibitively expensive

* Heat sink size reduction required to fit into the limited and highly variable
available space

* Existing GaAs or LDMOS technology unable to meet such requirements or
are very expensive

* GaN technology allows compact heat sink and passive cooling (high
junction temperature 2 225 C @ MTTF > 200 years)

* GaN technology allows for very linear amplifier designs when combined
with a low cost digital lineariser

Gate & FP metal

SiN
Au _:."T:'
b | ST
(—— LA - - R0 »-i -
GaN 7 um spot size, 1
SiC — — ]
. L Slide 77
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*Technology Description
- GaN based, passively cooled linearised L-band SSPA for avionics

*Technology Elements
- State-of-the-art GaN device
- Asymmetrical Doherty power amplifier

- Digital Pre-distortion
- Crest Factor Reduction (if needed)
- COTS Transceiver

* Program Objectives

Product CTQs:

* Passive cooling (SWaP reduction — flexible
installation)

» Power efficiency > 47% (SWaP reduction)

» Supported waveforms: Inmarsat, Antares

* Number of simultaneous carriers: 2 desirable

- Design and implement a demonstrator of a linearised highly efficient
Doherty HPA for future avionic SATCOM terminals

- Build up expertise and prove GaN technology for future radio products

WMO7 New Developments for Satellite Communications on the Move
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Project Consortium

Technology Org: Honeywell Advanced Technology Europe ET
Customer: European Space Agency — ARTES 5.1

Honeywell International
Project management, system design, RF HW
design, implementation and verification

LKE

Thermal and mechanical
aspects

ucb

modeling

Lineratization and device

MACOM EIR+UK
GaN support

LKE--

D

@y

Xt
UCD

DUBLIN

W

MACOM.

Honeywell
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REQUIRED OPTIONAL
Supported Waveforms Inmarsat Iridium, Antares
Number of carriers One (100% Duty Cycle) Two (100% + 10% Duty Cycle)
Frequency Inmarsat: 1626.5-1660.5 MHz Iridium: 1610-1626.5 MHz
Alphasat: 1668-1675 MHz Antares: 1646.5 — 1656.5 MHz
Output Power 14.5W (nom.) / 64.6 W (peak) 16 W (nom.) / 257 W (peak)
(with 10% DC second carrier)
Average PAE for >47%
modulated signals
Gain > 45 dB
Power flexibility > 6dB (PAE spec not imposed)
Channel mask Inmarsat / ETSI (EN 301-473)
EVM < 10% (R20T4.5X — 16QAM) < 5.5% (FR80T5X64 — 64QAM)
Harmonic rejection < -70 dBc/(4kHz) over
1.675 to 18 GHz (ARINC 731)
Return loss Input: <-9.5 dB (ARINC 741) Input: <-15 dB
Output: <-15 dB
Slide 80
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Requirements (Physical & Other)
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Requirement

Dimensions Footprint < 200 cm?
Cooling Passive
Reliability 10° hrs MTTF

Operating Temperature (PA Block only)

-55Cto+70C

Pressure

9 kPa to 110 kPa (ground to FL55)

Dissipated power

<36.5W

Environmental tests

Acc. to DO-160G
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Fast digital scope
_ Vector sigzgl analyzer
€+ FBchain 'l !
Digitall):l[a’tform \ L “»”ﬁ e
REACRED - TXchain b- ﬂrﬂ/ p—>  PA /%“ %‘g “:‘_
Anals /
nalog front-end
PC with Matlab & DPD
* TRL-5 Demonstrator will include:
- FPGA with DPD implementation (eval. board)
- Digital to RF convertor (eval. board)
- Amplifier = Pre-driver + Driver + Doherty PA in one box
* With heatsink for passive cooling
Slide 82
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PmaxIN r
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3% s 5883288 3

PA Pre-Driver PA Dri
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/,
Standard DPA ,I
imise PA 7,
b7,
7
o] P
P
04] 2
@ 02
PA l)ll'c o POF of WiMAX mobile standard
EIR P A A A A T S 1

G=23d8 G=17d8

Power back-off (d8)
L=0-10d8 P1dB=25dBm P1dB=42dBm I Pwr splitte GaN Transistors OMN | Directional coupler
Pdc=3W Pdc=15W L=0.5dB G=15.1d8 L=0.5dB L=0.1dB
e e —— — S— S—— — ] e ‘A-SIaQeDPA
90 }—slage DPA 4
Doherty concept is well proven and flexible 80 e
* 60-70% efficiency levels attainable ] R el :
. g
* Large back-off levels can be achieved by z 6
asymmetrical or multi-stage DPAs é S/ /A B
» 2-stage symmetrical DPA (6 dB OBO) easy to g o —
symmetncal
tune * N Tom
H . 20 4
* Higher number of stages can be tricky ol o
E)25 -1‘8 -1‘2 —é 0
Back-offleveling8 83
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s Eve ywh
5

|

g | 2

g \ g

= | =

£ | £

< | <

E W El

S S "H |
’ ’ H H i

o !
o 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.0

Time(s)

* 3- or more stage Doherty ruled out due to complexity —
e Crest factor reduction (CFR) investigated R et |
* Dual-carrier should raise PAPR by 3-dB when both 5:3 -
carriers are at 100% duty cycle i
* Second carrier at 10% duty cycle increases peak é “0 f j \ "
but not average — PAPR increase by ~6dB 3 () rﬂ‘ I ! H ﬂ ‘ﬂ\ i
* CFRonly clips when second carrier present (very % o\ M\ f\f\f‘q\f\/,\r“lw‘\l\“‘j‘/\‘ HMN AMM AN
high distortion) AR AN RN AR AR R RRRALE
+  Other methods require more than planned amount of =
effort 29%6 80 0 -40J\ 20 0 20
Frequency (MHz)
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Fast-prototype

MACOM Demo design (2-mm GaN-SiC)
* Customer demo for LTE band

* Optimised for LTE waveform

* Optimised for physical size
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70

60

5ol All simulations and
Saol measurements performed at
£30 2.7 GHz

20

10} Observations:

0

1 -

» Pi * ~60% peak efficiency

o available

s * Model does not predict the
Faol performance close to
20l saturated power
- * Doherty signature

ol behaviour in efficiency not

Ou-) as prominent

B [dBm] Pin [dBm]
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ANTARES
e
No DPD -14.0 -29.8/-29.6

DPD (meas) -40.0 -56.6/-56.1

Nomalized
Power Spectral Density (dB)

s 2 4 o0 1 2 3 4 P,,. = +38 dBm (6-dB OBO)
Frequency Offset (MHz) ou
T T T T T T
) - . N | — I S .
3> o— § : * § | INMARSAT (SINGLE-CARRIER) —
g : 5 ‘ i ACPR (dBc) | Efficiency (%)
CNEIN W
EE 5 ; : é : i No DPD 104 -24.7/-24.2 49.7
= g 40
g DPD (meas) -36.9 -49.6/-48.9 50.0
e _60 ............
4 3 2 -1 0 1 2 3 4
Frequency Offset (MHz)
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0
g o ) A
= o ] /I \\ 20 -
7] 40 ‘/ //
g % \‘ -4C YV NN\
S50 35 3 2 25 | 3 |35 L BOTH CARRIERS AT
53 ﬁ 100% DUTY CYCLE
b4 c% -40
: A
L 0Ly \_..c\ A

25 20 -15 -10 -5 0 5 10 15 20 25
Frequency Offset (MHz)

No DPD -10.9 -22.7/-35.2 30.3

DPD (meas) -27.6 -47.1/-52.3 30.2
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BN
Fim

7

Possible improvements over achieved performance

Frequency:
The fast-prototype amplifier operates at 2.7 GHz
Device, component and PCB losses would be higher at 2.7 GHz compared to
the 1.6 GHz band
Intended application:
The fast-prototype amplifier is optimised for operation with LTE signals
Harmonic matching and output combiner
For space saving purposes, the fast-prototype amplifier does not use a I/4
transformer at the output combiner (simulation study confirmed a classical
Doherty combiner improves performance )
Better efficiency expected when the input and output are both presented
with correct impedances (for highest PAE) at all harmonics.

Conclusion: The fast-prototype GaN technology is a feasible candidate for
Phase Il Advanced Concept PA. Above improvements will help achieve and

exceed project targets. Slide 89
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Temperature [C]

250 +

200

150

100

«
=]

Ambient

MAXIMUM ALLOWED
JUNCTION TEMPERATURE
TO SATISFY MTTF REQ.

Worst case thermal analysis (on

............ e T T T TP TP TP T P PP T T PRTORPe™ SRR an airport apron in a hot
S P heatain, 1000aissmm, ined country or at FL55) confirms
. y heat sink size of 100 x 200 mm?
o R O ned / can cool the amplifier
— sufficiently —
— MTTF REQUIREMENT CAN BE
MET

— MAXIMUM SIZE
REQUIREMENT CAN BE MET

Heat sink
surface(S)

Heat sink

base(B)

Thermal grease
- top(G)

Package

case (C)

Junction (J)

Cooling Air Heat Sink (fins) Heat Sink (base) hermal Grease Package

Lacation [-]
FL55 AMBIENT TEMPERATURE
(NOMINALLY -56.5 °C) IS
DELIBERATELY EXAGGARATED

Slide 90
WMO7 New Developments for Satellite Communications on the Move of 126



EuMW 2016

Microwaves Eve

S-Pesameter
Measerements
Device

rywhere

5-Pasoneter
Messaements
DCiPeend IV
Messurements

¢ MACOM GaN/Si unmatched HEMT

e P_max~ 100W

* Previously been used in high-efficiency designs covering
frequency band of interest

» Difficult to model such a large, packaged device
« Significant parasitic and package effects
¢ Must build model from single-finger die device and scale up
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Finalised device model (electrical and thermal) (WP4)
Advanced concept Doherty PA design that complies with
project specifications (WP5)

Integration with DPD in HW and assembly of final transmitter
chain (pre-drivers, driver, PA, DPD etc.) (WP5)

Full thermal analysis of finalised design (WP5)

Development of peripheral circuitry and product integration
(WP5)

Test plan and full characterisation (WP5)

Second iteration if required (WP6)

Critical evaluation & lessons learned (WP7)

End of project targeted for Dec 2017
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Anding Zhu
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anding.zhu@ucd.ie
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Introduction

Digital Predistortion (DPD) Principle
Behavioural Modelling of RF Power Amplifiers
DPD for L-Band GaN PA for Avionics Terminals

DPD for Multicarrier DVB S2 TWTA

Conclusion
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* Future satellite communication systems demand larger capacity
— Higher data rate, wider signal bandwidth

* Tighter integration, smaller sizes, lower weights

* Power efficiency becomes a big concern

— For wideband multicarrier non-constant envelope signals: back-off
efficiency of power amplifier is very poor

— Large cooling systems result in big size, heavy weight, and wasting
energy

» Digital circuits and modern solid-state device technologies have
been significantly advanced in the past decades

— More and more digital in transceiver design
— SSPA replacing TWTA

Slide 95
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RF Power Amplifiers
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* RF power amplifier (PA) is a unit that strengthens the signal to
combat losses in transmission by converting DC electric power to
added RF output signal power.

* |t consumes a high proportion (over 50%) of the total transceiver
energy. It is also a complex nonlinear unit which introduces
distortion that can severely limit data capacity.

* High PAPR (peak to average power ratio) signals: very poor power
efficiency due to power back-off.

* Challenges: design high-efficiency and high-linearity PAs with very
wide operating bandwidths.

N/

yyyyyyyyyyyy
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Input =9 Predistortion — pA — Output
.= 5 TS,

8 i .
: : :
s + 2 = &
= 3 35
3 g g

o] o]

Input Power Input Power ’ Input Power

* Compensate distortion in RFPA by inverting its nonlinear behaviour.
* The PA can be operated at high efficiency modes without losing linearity.
* Conventional analog predistorters achieve limited performance.

» Digital predistortion (DPD) becomes more popular: low cost/low power
digital implementation and high performance.

WMO07 New Developments for Satellite Communications on the Move Slcl;:elgé
DPD System Architecture
EuMW 2016
i Modulator &
—r— Predistorter —9{ D/A Up-converter
ﬁ Ry e e o i s :
> Model ¢ ' < Down-converter !
Extraction | AID € & Demodulator |
|
|
: Observation Path :
* Feedback Observation Path
— Acquire information from PA output
* Model Extraction Unit
— Find model parameters, can run off-line or occasionally
* Predistorter Unit
— Real-time signal processing
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I I nonlinear

PA

l/

ulr) urn

memory effects

g

* Accurate model is crucial.

* Simultaneously count nonlinearities and memory effects.

* Discrete time domain and in complex baseband.

* The model must be simple: easy and low cost digital implementation.

e Linear-in-parameters: linear estimation algorithms can be used for model

extraction.
. L Slide 99
WMO07 New Developments for Satellite Communications on the Move of 126
EuMW 2016
Linear system Nonlinear system
with memory without memory
m—1 m-1 .
vy =3 w(iyx x(n—i) y(n) = alx(m]
i=0 =0
= w(0)x(n) + w)x(n—=1)+--- =a, +a, x(n) +a,[x(n)]* +---
AN /
—~—
1st-order Volterra kernel 2"d-order Volterra kernel
m—1 m—1 m—1
y(n) =Y h(Dx(n—i)+ > (i, x(n—ix(n-j)
i=0 i=0 j=0
ol el w1 ! 3rd-order Volterra kernel
+ h,(i, j,k)x(n—i)x(n— j)x(n—k)+---
i=0 j=0 k=0
. Nonlinear system
Volterra Series ) ) Y
with memory
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 Memory Polynomial (MP)
* Generalized Memory Polynomial (GMP)
* Dynamic Deviation Reduction (DDR)

P
y(n) = 2 hp 0(0’. .- ())xl’ (n) «——— Instantaneous term

+z p,l (Oa' " 0, l.)xlw1 (n +«—— 15t order dynamic term

P
p= nd .
_—2" order dynamic term

P M
+Z Z hp,z (O:' -0, i1=i2)xp72 (}’2

p=2i=1 =i

Ms :M:

Il
—

+.en [Zhu, et al,T-MTT, Dec.06]

Many simplified versions of Volterra models have been developed in the past years.
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DPD has been widely deployed in terrestrial cellular mobile base stations

(a) AM/AM Characteristics

Without DPD . s
o |l \

]
3 g

=3 * With DPD
3 o

o

) ' (b) AM/PM Characteristics

With DPD

A

Phase Difference (Degrees)

0.2 04 0.6 08
Normalized Input Magnitude

MC-GSM

Without DPD

&

Normalized
Power Spectral Density (dB)

With DPD

-10 50 -30 10 10 30 50 70
Frequency Offset (MHz)

DPD Test Bench in UCD
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L-Band GaN Doherty PA
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* L-band GaN PA for Avionics Terminals ,”: i,
5 N )\)\
* Carrier Frequency: 1.60 - 1.67 GHz w—h—-’ w - inmarsat
* Efficiency: 63-72% @6-dB Back-off
* 75-80% @Saturation 35 100
—2—1.6 GHz
* Output Power: 25Watts 304 —»—1.635GHz
—o—1.67GHz % s Sihe 80
B s
25 /D&gf/io
- AT N
m o7 g
= 204 /f/a o
£ Pote 40 &
O 154 &2 =
51 = 5
el e e, 2 N
10 Obzﬁw
5 T T T T T T T T 0
30 32 34 36 38 40 42 44
GaN Doherty PA Fast Prototype Output Power (dBm)
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1 507

2 With DPD (simulati
E 08l ' (SiFKsation) - With DPD (measurment)
2| with DPD (measurement) 8 Without DPD
< 54
‘g 0.6 =
5 D
=] N 0
o] =
- 0.4 O
N 2
k= S i " ;
E 0.2} 1 T I With DPD (simulation)
S Without DPD o s

[ s

00 0.2 0.4 0.6 0.8 1 '500 02 0.4 0.6 0.8 1
Normalized Input Amplitude Normalized Input Amplitude

| NMSE(dB) | ACPRUpper(dB ACPR Lower (dB

Without DPD -20.4 -29.8 -29.6 67.9
With DPD -41.5 -63.4 -62.8 67.9
(measurement)
With DPD -70.7 -76.5 -74.9 67.9
(simulation)
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: » INMARSAT Signal
iInmarsat
g \
S 0
2
2
§ 8 20 Without DPD /1 N\ With DPD (measurement)
EE [ o
S ‘z’_ 40 11 / WIth/DPD (simulation)
%) i,/
o)
=
g -60 ~~—
-4 -3 -2 -1 0 1 2 3 4
Frequency Offset (MHz)
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2 3
=] b
E; 08 With DPD (measurement) g o Without DPD
< \ 2
‘g 0.6 T
3 s 0
04 With DPD 5
N (simulation) § With DPD (measurement)
[u]
£ 02 @ With DPD (simulation)
S Without DPD
% 02 04 06 08 1 % 02 04 06 08 1
Normalized Input Amplitude Normalized Input Amplitude

| NMSE(dB) | ACPRUpper(dB ACPR Lower (dB

Without DPD -19.0 -24.7 -24.2 69.13
With DPD -41.0 -54.7 -55.1 69.05
(measurements)
With DPD -74.7 -74.8 -75.6 69.00
(simulation)
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Multicarrier DVB S2 Signals
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* 3-carrier signal, 32-APSK/16-APSK/32-APSK

* 8MBaud symbol rate, roll-off = 0.25 ®
* 36MHz Transponder Bandwidth S 2
* Non-linearized TWTA, DVB-S2 standard with

IMUX/OMUX configuration SATELLITE
* End-to-end simulation

TWTA Non-linear Characteristic

. 1.2MHz L2MHz | . 0 : 70

; P> < . : : e

'8MHz P i 1 8MHz | PoaMHz ! -2;{z="AMPM B0
Co T ! ' ' g 50
' L : H ! ! ! ! 2 4 =)
: - - 2 g
' H H 2 40
! ' ' Z -6 =
1 ! H £ 30%
! 32APSK ; 16APSK 32APSK ! < 5 2
i ' 1 A 202
: | : 3-10
; ) ; . . Ly 0
T T T K ¢TI T Y PPt
5 104 0 10.4 WMHz B : : . o
' ' 20 -15 -10 -5 0 5
i< 36MHz > Input Amplitude [dB)]
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Inner Carrier Outer Carrier
1.5

« NoDPD 1.5
- DPD Active
Reference

« DPD Active
Reference
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Linearization Performance
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30 e T T
——No DPD
\ —— Memory Polynomial
25 —— Generalized Memory Polynomial 1
< ——DDR-based Volterra Series
&
(0]
E 20 \
= .
g \ Outer Carrier
s 15
5 30 : : ‘
S ——NoDPD
2 10 ¥\ ——Memory Polynomial
e \ 25 —— Generalized Memory Polynomial [{
= s .9 % g —DDR-based Volterra Series
v 3
\‘ -5 20 \
c ~
0
0 2 4 6 8 10 2 8 )
Output Back-Off (dB) S \ —
°©
2 10 \ 12 20/
. < 15.07/
Inner Carrier £
5 v
00 2 4 6 8 10 12
Output Back-Off (dB)
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Transparent architecture, 3 Carriers: 32APSK 8/9, 70Mbaud, Non-linearized TWTA, with BL-DPD and w/o DPD
14

—A— Carrier 2: 32-APSK
13 O Optimum OBO =8.09dB, TD =9.73 dB
—g— Carrier 1: 32-APSK
W/o DPD | x Optimum OBO=6.92dB, TD =10.2 dB

12 A\
X —g— Carrier 3: 32-APSK
11 \. 3% Optimum OBO =6.39 dB, TD = 9.66 dB
O 4 —aA— Carrier 2: 32-APSK
10 % O Optimum OBO = 4.99 dB, TD = 5.89 dB
— O | —— Carrier 1: 32-APSK
g 9 X Optimum OBO = 4.61 dB, TD =5.33 dB
[a) —B— Carrier 3: 32-APSK
T el A 3% Optimum OBO =4.64 dB, TD = 5.52 dB
7
6 With BL-DPD
5
4
4 5 6 7 8 9 10 11 12
OBO (dB)
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Conclusion
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* Future aeronautical communication system design faces
new challenges in terms of signal bandwidth, power
efficiency, linearity, size/weight, cost, etc.

* Digital predistortion techniques can significantly enhance
linearity and enable high power efficiency operation of
transmitters.

* Reduce power consumption, enable smaller size, better
integration and lower cost.

* Technologies recently developed for terrestrial cellular
mobile systems can be transferred to satellite systems with
proper modifications.

-@sa Honeywell macom.
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Millimetre-Wave Technologies for
Next Generation Mobile Terminal

Prof. George Goussetis
Prof. Savvas Kosmopoulos

Heriot-Watt University
g.goussetis@hw.ac.uk
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MM-wave Satellite Communications
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Ka-band Sg

* FSS R

« SOTM |
Q/V-band

* Gateway links

* Aeronautical ...?

Advantages
* Bandwidth & throughput
* Smaller apertures

Challenges ‘ -E__’)/é’
* Fading Y
« Cost -
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Technology challenges
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* Propagation and fading beyond 30 GHz

* ACM: Link level analysis, verification and component
specification

* Fading: Dual-band terminal architectures

* Front-end integration

* Power amplification

* Passive components

e Packaging

Beam steering “flat” antenna

WMO07 New Developments for Satellite Communications on the Move
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System?

R e R L gn—>—-

NF (dB)
Gain (dB)
OIP3 (dBm)

Gain+ (dB)

Po (dBm)

Pdc (W)

Input Pwr (dBm
DC Voltage (V)
DC Voltage (V)

Lband PA
X80
62+

LB+ 5 PLs25igC.

510
15.42
3340

15.42
352
Kl

) 190
5
2

Total DCPwr (W) 152

- Gain (48)

4400

3.00
-3.00

1242
052
0

LtoXband
mixer
ZX05-153LH+

System Temp (K) ~ 290.00

DC Current (mA)
DC Curent (A)

252
1.162

Hairpin X band X-band PA
filter 8.5 GHz 2X60
140120+

XtoKa band
mixer
MM1-1140H

119 53 3.00
419 1218 -3.00
220
532 17.51 14.51
658 561 261
0 44 0
M Offse (MHz) 025
DC Pwr (W) 126
DC Pwr (W) 13.94
& Po(dBm)
System!

4000
36.00
3200
2800
2400
2000
16.00
1200

8.00

400

000

Gain

Input P1dB = -11.5 (dBm)

Singl fidged
Ka band filter

Ka band driver
TGA4903-SM

1200
14.36
21.00

203
8.41
85

Ka
band PA
CA2931-2031

400
2%
41.00

4258
30.68°
132

Total
9.29

42.58

40.08
4258

30.68*

15.2

3039
239
839
2139
18.39
15.39 d
1239
939
639
33
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Link level evaluation:
Testbed verification
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]
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Microwav:

Signal Power (dBm)

Mean Noise Power (dBm)

os Everywhere

setx || sety

) Covonx ) avgn ] st poer

Hold Plot 1 Scaleby: | 1 Eat

-100

10
00 01 02 03 04 05 06 07 08 09 10 11 12 13 14

)
S | v ey

17 18 19 20 21 22 23 00

Hold Plot 2 Hean Noise Power -

00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 16 16 17 18 19 20 21 22 23 00

Time (UTC)

Signal & Noise

X Labels: |1 hour -

WMO7 New Developments for Satellite Communications on the Move

Paer (dBm)

Power (dBm)

binary file Baseband to RF . (cable) RF to Baseband binary file
C
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1 1 1
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Dual-band terminal and
ELMW 2016 Ku-/Ka- Tx/Tx Diplexer
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WRS1
l—* 13.7’:-,13?GH2 —————J) KuBandOMT =) To Antenna

Rotary Coaxial

WR28
Ka BPF
2091 GH, [———)) KaBandOMT = To Antenna

oo Vg Ay

s e
Ly

i)
B & &
I N N A I

[

&

£

Robust design to
+30um statistical
variation
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L-to-X band up- X-to-Ka band
conversion up-conversion
{ \ ‘ Kaband  Ka-band
L-band PA X-band PA PreAmp Driver Amp
>o-EF B >
‘ ‘ . Out (29-31 GHz)
In (1-2 GHz) M
M
LO =10 GHz LO=21.5GHz l Y J
Spatial power ampificat
stage
‘—DaﬂRn_pWR_spemTp.om,w-.m,1 10,0,0,0))) (dBm)]
2_Stages_VSS
Parameter Units Requirement Note 50
GHz 2931
Watt 30
[ nputPower ——  BCTL A5to+5
[Gain T [
[ GainFlatness [T <04 TBC o
| Gainslope  [RLYVIS <002 TBC
B 2 TBC
dB/24h 025 TBC
d8 <20
dBm 477 50 Y
dBm 46
joes W >47.5 TBC
8 >15 TBC ‘ ‘ ‘
ErTI— >15 TBC oo [ I LI
[ spuriows LY 60
Vdc@A 45V@5.6A Needing of stabilized voltage o 5 10 15 20 25 30 35 40 45 50 55 60 65
Watt <500 TBC Frequency (GHz)
° -40t060  TBC
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10 e ot order |
Z[A] Mesaurements
P w(t) = ZE[A]cos(wot'fq)) ok 4
LIAF Dby h(asp) 4 RO
x(t) w(t) -0t 4
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S 20t i
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L a
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to Microstrip
transitions Port 2
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(Mstrig
Port4
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Port 1
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Input
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S-parameters phase
° P P 4 S-parameters phase
5|
10 3 k
15 2 oS,
20 K 51 — 0%
£ g oS,
25 s g0 08,
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08,
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Ka-band Power combiner
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Magnitude(dB)
S

!
H
! ot !,, e
i (| \ /| —Measured s,
1 ¥} W
30| i —— Measured S,
2| L I V A A P Simulated S, |
) E ------ Simulated S,,,
40~ T . . . . . J
26 27 28 29 30 31 32 33 34
e k.
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EuMW 2016 Ka-band Waveguide Filter
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s S-parameters for Ka Tx filter 6th order.s2p S-parameters for Ka Tx filter 6th order.s2p

—— Smulated 98(S,, )

Messrod (S, )

——— Mamsrod BIS )

Magnitude (dB)
5

Magnitude (dB)
i

3

b 0 2 34 3 38 40 285 2 25 0 305 M
Frequency (GHz) Frequency (GHz)

Slide 124
of 126

WMO07 New Developments for Satellite Communications on the Move



Packaging
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Komarov, A.B. Guskov, A.Yu.
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Integrated Phased

Arrays with Ferrite Control,”

IEEE Tans. Antennas -
Propag., Vol. 42. No. 3, )
March 1994

\
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“Antenna beam steering
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N. Gagnon, A. Petosa, “Using
Rotatable Planar Phase
Shifting Surfaces to
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