
This book is m
eant to celebrate. It celebrates 

that 25 years ago the M
M

IC activities really 
have started at TN

O
 (after a preparation of tw

o 
years), and that these activities have sustained 
over such a long period in tim

e. It celebrates 
all the achievem

ents but also all the hard w
ork 

that w
as needed to com

e this far. 

B
ut this book is m

ore. It tries to give som
ething 

back. It gives back an overview
 of the results 

obtained, a culm
ination of lessons-learned, 

including som
e of the reasoning behind these 

lessons. It is our gift back to our partners that 
have so responsibly supported us over this 
long period, highlighting the m

ost im
portant 

system
 drivers and technology trends. 

And even then, this book is m
ore. It is an 

invitation. An invitation to all readers to shape 
the future of M

M
IC

s for phased-arrays together 
w

ith us, to create breakthroughs that w
ill once 

m
ore deeply im

prove phased-array sensor 
system

s. It challenges the reader to com
e up 

w
ith further innovative ideas. It is an invitation 

to pose questions, to set specifications and 
requirem

ents that are (too) challenging, and 
then to w

ork w
ith us to solve and answ

er them
.

W
e look forw

ard to shaping this future together 
w

ith you, colleagues, users, the industrial and 
scientific com

m
unity. Shaping this future in 

order to have som
ething to celebrate in 5, 10 

or 25 years from
 now

 as w
ell!

In 1
9

8
8

, one single TN
O

 em
ployee w

as on a 
secondm

ent to the ‘Laboratoires 
d’Electronique et de Physique Appliquées’ from

 
Philips in greater Paris (LEP, later know

n as 
PM

L, Philips M
icrow

ave Lim
eil, and even later 

know
n as O

M
M

IC). In 2014
, 25 years later, 

TN
O

 houses a group of approxim
ately 1

5 
people, loosely denoted the M

M
IC group, w

ith 
w

ell over 25
0 m

an-years of experience in 
M

M
IC design for phased-arrays. Six of these 

have w
orked on the subject at TN

O
 for over 20 

years each. 

In these 25 years, TN
O

 published m
ore than 

10
0 scientific papers on M

M
IC

s. The EuM
IC 

conference, and its predecessor the G
A

AS 
Sym

posium
 (G

aAs and Associated C
om

pound 
Sem

iconductor Sym
posium

), has had a TN
O

 
booth every year since their conception in the 

I IN
TR

O
D

U
C

TIO
N

In 1
9

8
8

, one single TN
O

 M
M

IC w
as taped out 

to one m
ask set. It w

as TN
O

’s first M
M

IC
, 

realised in a 0.7 µm
 G

aAs M
ESFET technology 

from
 Philips in Lim

eil-B
révannes in France, 

w
ith a transistor count of less than 10 on a 

single die and im
plem

ented as a building block 
for a vector m

odulator. In 2014
, 25 years later, 

TN
O

 produced roughly 3
0 original M

M
IC 

designs on 10 different m
ask sets in III-V and 

IV-IV sem
iconductor technologies. N

ot a single 
of these technologies even existed in 1

9
8

8
. If 

w
e include the com

m
ercial m

ask sets, the 
volum

e is too large and diverse to count 
reliably. Im

plem
ented circuits encom

pass 
com

plete m
ulti-band receivers, high pow

er 
am

plifiers and T/R
 core chips, and technolo-

gies include G
aAs, G

aN
 and SiG

e; M
EM

S and 
ferrite integration are pursued in parallel.

In both the m
ilitary arena and in other dom

ains, the TN
O

 
radar group is renow

ned and in a num
ber of radar areas, 

international experts even consider TN
O

 to be the 
w

orld’s leading radar group. W
e are pleased to receive 

such com
plim

ents just as w
e are proud of our radar 

experts. 

M
M

IC technology has becom
e an essential part of 

m
odern radar system

s, one that has been researched 
and developed for m

ore than 25 years by TN
O

 at its 
location in The H

ague. W
ith unique m

odels and design 
tools, an excellent M

M
IC test facility and bold initiatives 

in developing prototypes, w
e have been able to m

ake 
giant leaps in M

M
IC technology. In cooperation w

ith 
m

ajor industrial partners, this technology has been 
further developed and incorporated in a form

idable 
electronically-scanned radar. The im

pressive perfor-
m

ance of the D
utch air defence and com

m
and frigates 

and new
 H

olland-class patrol vessels is, to a consider-
able extent, based on the M

M
IC

s that have been 
developed and tested by TN

O
.

These activities have not gone unnoticed as other 
m

arkets, like space, have also taken advantage of our 
m

odern radar technology and our M
M

IC
s in their 

applications. Such diversity in M
M

IC applications is 
another reason to be proud of w

hat has been achieved. 

This publication looks back on the past few
 decades as 

w
ell as recent challenges and disappointm

ents. It also 
looks ahead to future developm

ents. D
iverse threats, 

different m
anagem

ent concepts, new
 tasks and the 

changing circum
stances in w

hich m
ilitary equipm

ent has 

to operate require innovative radars w
ith M

M
IC

s that are 
not only sm

aller but also m
ore pow

erful, sm
arter and 

m
ore energy-efficient. In the industry of the future 

(sm
art industry), w

ith the Internet-of-Things as an 
im

portant enabler, rem
ote sensing and, therefore, 

M
M

IC
s w

ill play a key role.

TN
O

 has not gained its international reputation in M
M

IC
s 

w
ithout broad support and com

m
itm

ent. TN
O

 research-
ers have benefited from

 the support of m
any colleagues 

in the N
etherlands and beyond. In this respect, the 

D
utch governm

ent, and in particular the M
inistry of 

D
efence, the universities of technology and the defence 

industry, w
ith Thales N

etherlands B
.V. as a key player, 

deserve our gratitude. The excellent technology position 
of TN

O
 in M

M
IC

s w
ould not have been possible w

ithout 
good cooperation w

ith all these partners. Together w
e 

w
ill continue, intensifying our cooperation w

ith respect 
for each other’s culture and rules, and w

e are ready to 
w

elcom
e new

 partners in an environm
ent of open 

innovation.

I w
ish our current researchers as m

uch success as their 
predecessors: your w

ork m
atters. B

e inspired!

W
im

 N
agtegaal,

Vice-Adm
iral retd. 

C
hairm

an D
efence R

esearch C
ouncil. 

M
em

ber TN
O

 B
oard

Figure 1 M
icrow

ave prizes, w
on at G

A
AS 2

0
01 and at EuM

IC 2
0
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European M
icrow

ave W
eek. The Sym

posium
 

has been chaired since 20
0

4 by TN
O

 w
henever 

it w
as organized in The N

etherlands: G
iuliano 

G
atti from

 ESTEC chaired G
A

AS1
9

9
8

, Frank 
van den B

ogaart chaired G
A

AS20
0

4
, Frank 

van Vliet co-chaired EuM
IC

20
0

8 and chaired 
EuM

IC
201

2.

In these 25 years, m
aterial system

s have 
evolved from

 exclusively G
aAs now

 including 
G

aAs, G
aN

 and SiG
e, w

orking on the side also 
on ferrites, packaging and other related 
technologies. Even on G

aAs, w
hich has been 

the w
orkhorse for m

icrow
ave com

ponents over 
this entire 25 year period, w

e are still reporting 
m

ajor innovations year after year. And our 
license incom

e has reached a record level in 
2014

.

In these 25 years, the problem
s to be solved 

have changed their nature. W
e now

 no longer 
solve electrical problem

s: w
e solve electrical, 

electrom
agnetic, therm

al and m
echanical 

problem
s in as m

uch a m
ultiphysics approach 

as w
e can m

anage.

In these 25 years, TN
O

 has set m
any trends 

and records. The current results on integrated 
lim

iters (w
ith a lim

iting pow
er up to one 

kiloW
att!) are a recent exam

ple here-of, but the 
m

any-thousand transistor 8
-channel consum

er 
phased-array M

M
IC w

ith integrated control is 
another nice exam

ple. 

In these 25 years, m
any topics have been 

subject of phased-array M
M

IC research. W
ork 

on beam
steering, w

ork on digital control, 
conform

al arrays, sm
art skins, single-chip 

radars, digital radar, too m
uch to cover even in 

a book like this. And then there is also the 
w

ork in related fields, such as w
ireline and 

w
ireless com

m
unications, advancem

ents in 
technology and opto-electronic integration. 
Looking from

 a distance, w
e can how

ever 
define three m

ain them
es:

A passive phased-array antenna is, loosely 
defined, an array antenna w

hich has no active 
com

ponents at elem
ent level and has to rely 

on a pow
erful central m

icrow
ave source (such 

as a traveling w
ave tube or a K

lystron). U
sually, 

the signal of this central transm
itter is 

passively divided over the array elem
ents, for 

exam
ple through a corporate feed netw

ork or 
through free-space. The beam

 is pointed w
ith 

the help of passive phase shifters like ferrite 
phase shifters in the early days and diode 

other packages). The availability of these 
contributed largely to the m

aturing of M
M

IC 
design.

M
easurem

ent system
s w

ere also not available. 
The chuck of the first probe-station w

as m
oved 

m
anually, unim

aginable from
 the current 

autom
ated-probing-of-full-w

afers perspective. 
It is instructive to recall that the first load-pull 
m

easurem
ent setup at TN

O
, w

hich has run for 
m

any years, em
ployed not only in-house 

softw
are, but also a vector m

odulator built 
around an M

M
IC that w

as developed in-house. 
So you needed to m

anufacture an M
M

IC to 
advance the M

M
IC design state-of-art. This 

in-house developed load-pull system
 allow

ed 
im

pedances up to the outer border of the 
Sm

ith C
hart, thus enabling the design of truly 

high-pow
er and high-efficient pow

er am
plifiers.

C
AD

 softw
are to design integrated m

icrow
ave 

circuits underw
ent m

ajor changes. TN
O

 acted 
as an industry leader in accom

m
odating these: 

from
 hom

e-w
ritten linear S

-param
eter based 

m
icrow

ave sim
ulators, via Philips’ internal 

spice-like sim
ulator PH

ILPAC
, via the legendary 

Touchstone (netlist-based m
anipulation of 

S
-param

eters w
ith graphical layout) via EEsof’s 

Libra introducing schem
atic editors and 

harm
onic balance sim

ulations to provide 
harm

onic sim
ulations), evolving into EEsof’s 

Series IV w
hich included m

ethods to sim
ulate 

non-linear behaviour in tim
e- and frequency 

dom
ain of transistors at m

icrow
ave frequen-

cies. These sim
ulators w

ould later m
erge w

ith 
H

ew
lett Packard’s M

icrow
ave D

esign System
 

into AD
S, and w

ere com
plem

ented w
ith 

electrom
agnetic solvers in the nineties 

(Sonnet, M
om

entum
, H

FS
S and later m

any 

and  ferrite phase-shifters) that entered active 
service in 1

9
8

3 on the U
S

S Ticonderoga; 
R

aytheon’s Patriot, a passive C
-band phased-

array (using a m
onopulse space feed and fully 

filled w
ith ferrite phase-shifters) that gained 

fam
e in the first G

ulf w
ar). These system

s w
ere 

challenging the rotating radars w
ith parabolic 

dishes that had been around since roughly 
W

orld W
ar II. 

At the low
er m

icrow
ave frequencies, w

here the 
inter-elem

ent spacing of an array left plenty 
room

 for electronics, phased-arrays w
ere 

developed w
ithout the need for M

M
IC

s. At 
interm

ediate frequencies (such as S
- and 

C
-B

and), experim
ents w

ere carried out w
ith 

G
aAs-based front-ends that w

ould later lead to 
rotating active phased-arrays, e.g. the U

K
’s 

M
ulti-function Electronically Scanned Adaptive 

R
adar (M

ESAR
) program

m
e (1

9
82

-1
9

9
5) that 

w
ould later result in B

AE System
s’ SAM

PSO
N

 
radar. 

At X-B
and, the D

utch EXperim
ental Phased-

Array R
adar (EXPAR

) program
 w

as fairly unique. 
Volum

e constraints and electronic require-
m

ents w
ere very tough and on the active 

phased-array architecture m
any pioneering 

efforts w
ere needed. The only other large 

European X-B
and initiative w

as the Airborne 
M

ultirole Solid S
tate Active Array R

adar 
(AM

SAR
), a program

m
e launched in the early 

nineties to replace the C
APTO

R
. 

M
ajor design choices w

ere the area of heavy 
debate, regarding for exam

ple the use of 
dow

nconverters per antenna elem
ent (still 

present in the EXPAR
 dem

onstrator study), the 
use of phase shifting versus tim

e-delays, the 
use of vector m

odulators versus separate 
phase-shifters and am

plitude control, the 
analogue versus digital control of all the 
settings, the use of balanced hybrid high-
pow

er am
plifiers (H

PA) versus single chip 
H

PAs, the use of active filters and m
any m

ore. 

 −
R

esearch on individual m
icrow

ave functions 
that enabled active phased-arrays in the 
first place, this them

e is described in 
Section II-A;

 −
R

esearch on highly integrated core chips, in 
com

bination w
ith high-pow

er high-efficiency 
pow

er am
plifiers that in the first place 

sim
plified T/R

 m
odule design dram

atically 
and in the second place enabled m

ore than 
10W

 at X-band for a single transm
it-receive 

m
odule, this them

e is described in Section 
II-B

;
 −

R
esearch on integrated receivers for digital 

beam
form

ing system
s, and the correspond-

ing technology re-partitioning, this them
e is 

described in Section II-C
. 

To enable these m
ain them

es, real break-
throughs w

ere needed to m
odel accurately 

passive and active com
ponents, to efficiently 

design com
plex linear and non-linear circuits 

at m
icrow

ave frequencies, to characterize 
non-linear com

ponents under high-pow
er 

conditions, to sim
ulate non-linear and 

harm
onic behaviour and to test efficiently 

large num
bers of circuits.

These them
es and breakthroughs w

ill be 
covered in som

e detail in the follow
ing section.

II M
M

IC
s FO

R
 P

H
A

S
E

D
 A

R
R

AYS
 II-A

 The introduction of active phased arrays.
The late eighties and early nineties w

ere the 
true pioneering years for active phased-arrays 
and forced the developm

ent of affordable 
solid-state transm

it-receive m
odules and the 

associated G
aAs m

onolithic m
icrow

ave 
integrated circuits (M

M
IC

s).

The landscape of radar system
s w

ith planar 
array antennas at the end of the eighties w

as 
dom

inated by passive phased-arrays (such as 
Lockheed M

artin’s SPY-1
, a passive S

-B
and 

phased-array (using a corporate feed netw
ork 

Figure 2 Early G
aA

s w
afer

Figure 3   M
anual w

afer prober close-up

Figure 4   H
P8

510
B

 m
easurem

ent setup>

1
2

1
3



core chips becam
e feasible, a solution w

ith 
digitally controlled bits of phase shifters and 
attenuators and integrated LVC

M
O

S control 
w

as favoured in term
s of dissipation and 

m
icrow

ave perform
ance.

P
ow

er am
plification. In contrast to passive 

phased arrays, the radiated m
icrow

ave pow
er 

is not generated through a central source like 
vacuum

 tubes, but each TR
 m

odule generates 
its ow

n R
F pow

er and hence needed a 
solid-state approach. In a sense, the M

M
IC 

high-pow
er am

plifier (H
PA) w

as the m
ost 

fundam
ental hurdle to overcom

e. Sim
ilar to the 

considerations for receiver noise figure, the 
pow

er available per antenna elem
ent is a 

determ
ining factor for the pow

er aperture 
w

hich the phased-array can produce. Initially, 
pow

er levels of 2 W
att per H

PA w
ere pursued, 

values that today correspond to drive pow
ers. 

The dem
onstration of 5 W

att on a single die, 
illustrated in a ceram

ic package on the photo 
below

, revolutionary changed the necessary 
aperture. At a first look, the package seem

s 
large, but w

hat w
e see is the enorm

ous 
progress in the state-of-art, as TN

O
’s 5 W

att 
H

PA w
as m

uch sm
aller than the previously 

envisaged parallel com
bination of tw

o 2 W
att 

pow
er am

plifiers, and w
as a pivotal result in 

The topology of phase and am
plitude control 

M
M

IC
s has been the topic of m

uch research. 
They have been im

plem
ented as vector 

m
odulators (w

hich w
as actually the first M

M
IC 

developed at TN
O

) w
ith analogue control, as 

separate phase shifters and variable gain 
am

plifiers w
ith analogue control. Later, w

hen 

A
m

plitude control. Am
plitude control is 

needed to apply an am
plitude taper to the 

array aperture and to correct for gain differ-
ences betw

een Transm
it-/R

eceive channels. 
O

ne of the m
ain problem

s is to m
aintain a high 

linearity also in the low
-gain states. Sim

ilar 
problem

s arise as for phase control, including 
the accuracy that needs to be m

aintained over 
the full control range and the difficulty in 
avoiding phase-changes w

hen changing the 
am

plitude. Furtherm
ore the required am

plitude 
control range can be over 3

0 dB
, m

aintaining 
the noise figure and phase invariance. In direct 
relation to the array perform

ance, the control 
should be on a logarithm

ic or on a linear scale. 
A particularly intriguing im

plem
entation has 

been a variable gain am
plifier, w

here the gain 
w

as realised through dual-gate FETs. The 
dual-gate FET w

as then im
plem

ented in a 
segm

ented w
ay (w

ith sm
aller and larger FETs 

being controlled individually), so that the 
transistors in the sam

e am
plifier stage could 

independently turned on or off.

increase in noise figure can at system
 level 

only be solved by a larger array), this aspect 
receives am

ple attention from
 the system

 
engineers.

P
hase control. The accuracy of the phase 

control (over frequency, tem
perature, produc-

tion etc.) is of direct consequence to the 
array’s side-lobe level. W

hen im
plem

ented w
ith 

phase shifters, the input and output return 
loss m

ust be good to avoid ripple over 
frequency. Insertion loss m

ust be low
, in order 

to avoid additional am
plifiers, and variation 

over frequency and states m
ust be low

 as w
ell 

to avoid the control to becom
e too com

plex. 
C

ross-errors from
 phase control to am

plitude 
variation and from

 am
plitude control to phase 

variation had to be avoided for the sam
e 

reasons. B
inary and non-binary phase shifters 

as w
ell as analogue vector m

odulators w
ere 

investigated for their potential to solve this.

im
proved over the years (breakdow

n voltage, 
reliability, noise figure, etc.) but for the 
applications at hand the III-V technology has 
rem

ained relatively stable. For higher frequen-
cies (3

0 G
H

z and above) though, a m
yriad of 

technologies w
ith very short gatelenghts 

em
erged. The technology w

as developing 
rapidly, but did not yet have large-volum

e 
custom

ers. The m
obile m

arket, em
erging 

around the late 9
0’s, in fact triggered large-

volum
e m

anufacturing of G
aAs devices.

From
 1

9
87 onw

ard, one by one, the necessary 
com

ponents w
ere im

plem
ented in G

aAs as 
single-com

ponent functions. For each of these 
com

ponents, the problem
s w

ere different:

LN
A

s. The trade-off betw
een noise figure, gain, 

bandw
idth and linearity w

as, and continues to 
be, a slow

ly-progressing struggle. As the 
required receiver array size can directly be 
related to the elem

ent noise figure (an 

phase shifters later on, w
hich obviously m

ust 
be present at elem

ent level. 

The start of active phased-array system
s w

as 
through Transm

it-/R
eceive-m

odules that 
im

plem
ented beam

form
ing at m

icrow
ave 

frequencies. D
evelopm

ents in solid-state 
electronics enabled sm

all-size and m
odules 

that could be produced in large quantities for 
an affordable prize. In order for this to w

ork, a 
num

ber of functionalities w
ere needed in 

these m
odules: low

-noise am
plifiers to secure 

the system
 noise figure, variable gain am

pli-
fiers to set receive and transm

it gain levels, 
phase shifters to point the antenna beam

, 
sw

itches to choose betw
een transm

it and 
receive, circulators to duplex the receive and 
transm

it signals, isolators to protect the 
am

plifiers and pow
er am

plifiers to provide 
sufficient pow

er at elem
ent level. Except for 

the circulators and isolators, none of these 
com

ponents w
ere available for the radar bands 

given the tight volum
e constraints, but M

M
IC 

technology w
as em

erging that w
as deem

ed to 
serve all these functions.

At this tim
e, around 1

9
87, G

aAs M
ESFET 

technology w
as rapidly em

erging, preceding 
G

aAs pH
EM

T by som
e years. In direct com

peti-
tion w

ere bipolar devices on G
aAs (H

B
Ts) as 

w
ell as different III-V sem

iconductor m
aterial 

system
s such as InP and InSb. G

aAs technol-
ogy enabled to greatly reduce the cross 
section of transm

it/receive elem
ents, dow

n to 
dim

ensions that m
atched the phased array 

grid. This grid is typically a half tim
es a half 

w
avelength or a quarter tim

es one w
avelength.

G
aAs gate lengths w

ere rapidly dim
inishing. In 

1
9

8
9, a 0.7 µm

 M
ESFET w

as an outstanding 
technology, in 1

9
92 a 0.5 µm

 M
ESFET w

as 
ruling, and in 1

9
9

6
, a 0.25 µm

 pH
EM

T device 
w

as offering low
er noise and higher pow

er 
densities. This has rem

ained relatively 
unchanged. M

any process details have 
Figure 5: E

XPAR
 LN

A

Figure 6 First B
P

S
K

 phase shifter, the basis for the first vector m
odulator

Figure 7 H
ybrid vector m

odulator em
ploying tw

o B
P

S
K

 
phase shifters, an active 9

0 degrees splitter and a 
passive com

biner

Figure 8  First M
M

IC vector m
odulator, based on the 

B
P

S
K

 m
odulators

14
1

5



of an optical PLL as the research vehicle. M
any 

intriguing concepts and technology dem
onstra-

tors have been achieved, the 16
-channel 

coherent optical, beam
form

ing signal distribu-
tion O

EIC realised at the TU
 D

elft is a unique 
exam

ple.

issue), the possibility of optical true-tim
e delay 

beam
form

ing that had the prom
ise of 

extrem
ely w

ideband perform
ance (resulting in 

silicon w
afer-level integrated w

aveguiding 
structures of several m

eters) and opto-elec-
tronic R

F generation, w
ith the dem

onstration 

gained in the high-frequency IC dom
ain 

enabled TN
O

 to position itself also in the area 
of high speed m

ultiplexers, dem
ultiplexers and 

trans-im
pedance am

plifiers.

In sum
m

ary, the introduction of m
ilitary active 

phased-arrays w
as characterised by strong 

technology dem
ands that necessarily pushed 

the state-of-art. The m
ain driver w

as to enable 
functionalities that could in no other w

ay be 
achieved. It w

as the state-of-technology that 
allow

ed the system
 progress at just this point 

in tim
e. The m

icrow
ave com

ponents necessary 
w

ere typically im
plem

ented dedicated to 
specific m

ilitary program
m

es, as a result the 
realised system

s w
ere quite expensive.

Also in that period, roughly betw
een 1

9
97 and 

20
0

3
, optical techniques for phased-array 

application have been thoroughly investigated. 
The research questions included the possibility 
for antenna rem

oting (over coherent or 
non-coherent links, an im

portant problem
 that 

w
as solved w

as the near-carrier phase-noise 

re-use of phase and am
plitude control for 

transm
it and receive (often im

plem
ented w

ith 
PIN

 or sim
ilar diodes). M

any efforts have been 
spent on protection of the sensitive front-end 
electronics. This can be addressed in the 
antenna elem

ents them
selves or at the input 

of the receiver, w
ith dedicated, hybrid 

diode-based lim
iting structures. A solution that 

allow
s for integration and is less w

ell-know
n is 

to integrate the lim
iter on G

aAs w
ith e.g. the 

LN
A; an exam

ple is show
n below

. 

The im
portance of frequency selectivity 

becom
es m

ore-and-m
ore a key requirem

ent in 
m

odern active phased arrays, but appropriate 
solutions still do not exist and are already a 
hurdle for m

any years for designers of active 
phased arrays all over the w

orld.  Finally, and 
to conclude the com

ponents investigated for 
the built-up of Transm

it-/R
eceive channels, 

integrated filters have been thoroughly 
investigated as our solution to im

plem
ent 

frequency selectivity, including passive and 
active, distributed and concentrated, tuneable 
and fixed-frequency filters. The filter depicted 
below

 is an X-B
and tuneable high-Q

 filter; for 

the developm
ent of the 10 W

att parts that 
w

ould m
uch later becom

e the industry 
standard.

Isolation and protection. Around the core 
M

M
IC functions m

entioned above, several 
other functions need to be properly addressed, 
including the duplexing of the transm

it and 
receive function in case of co-located transm

it- 
and receive-antennas (often im

plem
ented w

ith 
circulators), the protection of the H

PA (often 
im

plem
ented w

ith a ferrite isolator), the routing 
of the transm

it and receive path in case of the 

Figure 10  5 W
att G

aA
s H

PA in ceram
ic package

Figure 9  D
ifferential Vector M

odulatort

Figure 1
1 Lim

iter in PPH
25

X

Figure 1
2   X-B

and active tuneable filter

these types of filters the m
ain concern w

as 
and is the attainable dynam

ic range.

Around the year 20
0

0, high-speed optical 
system

s started to becom
e an alternative for 

the traditional w
ired R

F cables. It becam
e 

clear in an early stage that know
ledge of the 

design of integrated m
icrow

ave system
s w

as 
needed and necessary to solve tim

ing and EM
 

problem
s in m

ultiplexer and dem
ultiplexer 

circuits for high speed system
s. The know

ledge 

Figure 1
3   4

3 G
bps 41 M

U
X

Figure 14   InP beam
form

er O
EIC

Figure 1
5   E

XPAR
 quadpack
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A w
ideband approach w

as investigated to try 
to find a solution that fitted both w

ideband as 
w

ell as m
ultiple narrow

-band system
s. For the 

w
ideband requirem

ents this w
orked out w

ell, 
but the com

prom
ises, for exam

ple in the loss 
of the tim

e-delay elem
ents (w

hich is signifi-
cantly higher and m

ore frequency-dependent 
than the loss of a phase shifter), m

ade it less 
suitable for narrow

-band system
s. As a result, 

a fam
ily of core chips, covering L- to K

u-B
and 

applications has arisen over the years. 

In a further effort to reduce costs, integration 
of core-chips for m

ultiple channels on a single 
die w

ere investigated. In the early days of 
M

M
IC design, the integration of dual-channel 

receivers for precision-ESM
 (electronic support 

m
easures) w

as already dem
onstrated. O

n the 
basis of this, 4

-, 8
- and 16

- elem
ent core chips 

w
ere investigated, but turned out to be not 

feasible due to the I/O
 requirem

ents and the 
required area. W

hat did turn out to be feasible 
w

as the integration of m
ultiple receive 

beam
form

ing M
M

IC
s. This has resulted in tw

o 
entirely different 8

-channel K
u-B

and receive 
M

M
IC

s. 

people w
as fully filled, w

ith people standing at 
the w

alls and the back of the room
. These 

phased-array sessions w
ere typically described 

as a sea full of sharks w
here lam

e results don’t 
survive. Although m

any im
provem

ents have 
been m

ade later, all the essential ingredients 
w

ere already present: 6
-bit digital am

plitude 
and phase control, com

m
on-leg topology, 

integrated low
-noise and driver am

plifiers and 
large sw

itch isolation.

C
ore chips: optim

isation for m
anufacturabil-

ity. M
any com

plem
entary developm

ents have 
taken place on core chips since their introduc-
tion. Level shifters w

ere integrated to facilitate 
the control of all am

plitude, phase and sw
itch 

control bits. Pad positioning w
as optim

ised to 
facilitate packaging and m

inim
ize the prob-

lem
s arising from

 coupling outside the M
M

IC/
package. Experim

ents w
ere carried out w

ith 
integrated serial-to-parallel converters in order 
to reduce the am

ount of I/O
 pins. At the tim

e 
these converters w

ere realised, they could not 
be m

ade w
ith sufficient yield yet, but ten years 

later the exact sam
e design has found its w

ay 
into a m

ultitude of core chips. 

receive, this is referred to as a com
m

on-leg 
core chip: the phase- and am

plitude-control 
are in a branch of the circuit com

m
on to the 

transm
it and the receive path. This latter 

arrangem
ent is econom

ical in chip area, and 
low

ers the calibration load for the array 
system

. 

C
ore chips: feasibility for radar. The possible 

im
portance of core chips w

as realised in the 
m

id-nineties, and led to several m
ilitary R

&
D

 
program

s to dem
onstrate its feasibility. They 

are know
n under cryptic program

m
e nam

es 
such as R

TP 9.7 (w
ith the first technology 

dem
onstration of a core chip), R

TP 9.17 
(dem

onstrating the possibility to coat these 
core chips w

ith B
C

B
) and M

im
osa (under the 

W
EAG

 C
om

m
on European Priority Area 

M
icroelectronics (C

EPA-2). 

B
ased on several preceding efforts that 

dem
onstrated the feasibility, the first X-B

and 
core chip w

ith radar-grade specifications w
as 

presented in 20
0

4 at the IEEE International 
M

icrow
ave Sym

posium
 in Fort W

orth, TX. A 
room

 capable of holding several hundred 

T/R
 m

odules: . The different characteristics 
for pow

er technologies versus sm
all-signal 

technologies (in term
s of gain, pow

er density, 
linearity, noise figure) effectively elim

inated 
the possibility of a single-chip T/R

 m
odule: A 

technology optim
ised for sm

all-signal perfor-
m

ance w
ould not deliver sufficient pow

er at a 
satisfactory efficiency. Furtherm

ore, the 
physical size of both a m

ultifunction com
po-

nent as w
ell as a pow

er am
plifier becam

e 
increasingly large. As a result, a tw

o-chip 
solution is the low

est chip-count that you w
ill 

find in practice.

W
hen increasing the area of an M

M
IC

, the yield 
slow

ly decreases. A lot can be said about the 
m

echanism
s behind this (defect densities, 

m
axim

um
 gatew

idth per M
M

IC
, optical 

inspection and m
uch m

ore), but in the end a 
m

axim
um

 chip area of 20
-25 m

m
2 is often 

targeted for this reason. This puts additional 
pressure on integrating sufficient pow

er as 
w

ell as sufficient functions on a single die.

To cut a long story short: integrated pow
er 

am
plifiers and core chips form

 the heart of 
advanced AESAs, som

etim
es com

plem
ented 

w
ith separate lim

iters and LN
As.

C
ore chips

Several different architectures for these 
m

ulti-function com
ponents have been 

investigated over the years, strongly interact-
ing w

ith the front-end arrangem
ent. For arrays 

w
ith separate transm

it and receive antenna’s, 
an M

M
IC lign-up w

ith a dedicated receive and 
a separate transm

it sm
all-signal M

M
IC

, 
com

plem
ented w

ith a pow
er am

plifier w
ould 

m
ake sense. For arrays w

ith a single transm
it 

and receive antenna, it w
ould m

ake sense to 
integrate the tw

o sm
all-signal M

M
IC

s, in order 
to reduce chip-count. This M

M
IC is called a 

core chip, as it form
s the core of the transm

it-
receive function. If the phase and am

plitude 
control is now

 shared betw
een transm

it and 

The cost level of these front-end solutions w
as 

a significant portion of these sensor system
s, 

as there w
ere m

any IC
s per transm

it-receive 
channel, and up to tens of thousands of 
channels per system

, w
hich w

as a strong 
incentive for cost-saving. This could be 
achieved by using m

ature m
icrow

ave technolo-
gies that integrated as m

uch functions as 
possible. The beam

form
ing paradigm

, 
(m

icrow
ave beam

form
ing) w

as not yet 
challenged. 

As opposed to the individual M
M

IC functions 
that enabled the first active phased-array 
system

s, m
ore com

plex integrated m
icrow

ave 
functions w

ere now
 pursued, referred to in 

different com
m

unities as supercom
ponents or 

m
ultifunction com

ponents. This integration 
encom

passed phase-shifters and tim
e-delays, 

am
plitude control, digital control, pow

er 
generation, low

-noise am
plification, sw

itching 
and duplexing. 

In sum
m

ary, the introduction of m
ilitary active 

phased-arrays w
as characterised by strong 

technology dem
ands that necessarily pushed 

the state-of-art. The m
ain driver w

as to enable 
functionalities that could in no other w

ay be 
achieved. It w

as the state-of-technology that 
allow

ed the system
 progress at just this point 

in tim
e. The m

icrow
ave com

ponents necessary 
w

ere typically im
plem

ented dedicated to 
specific m

ilitary program
m

es, as a result the 
realised system

s w
ere quite expensive. 

Typical system
s that w

ere based on these 
developm

ents and TN
O

 contributed to included 
PH

AR
U

S (PH
ased AR

ray U
niversal SAR

, a 
dual-polarised C

-B
and synthetic aperture 

radar, a developm
ent of TN

O
, TU

 D
elft and 

N
LR

) and APAR
 (Active Phased-Array R

adar, a 
naval X-B

and m
ulti-function radar) by Thales 

N
etherlands.

II-B
: O

ptim
izing m

icrow
ave technologies.

Around the year 20
0

0, the feasibility of active 
electronically-scanned arrays w

as w
ell 

established. R
esulting from

 the N
ATO

 Anti-Air 
W

arfare S
tudy (N

A
AW

S), w
hich itself w

as 
based on a renew

ed threat identification by 
Project G

roup 3
3: anti-ship cruise m

issiles, the 
first anti-air w

arfare (A
AW

) suite based on a 
com

bined L- and X-B
and sensor suite had 

becom
e available to G

erm
any and The 

N
etherlands and relied on active phased array 

for the X-band sensor. 

The technology baseline for the transm
it-

receive m
odules w

ere G
aAs integrated circuits 

that w
ere either herm

etically packaged, or 
m

ounted on ceram
ic substrates and then 

herm
etically sealed on m

odule level. G
aAs 

pH
EM

T processes (0.7-0.1
5 µm

) w
ere the m

ost 
popular processes for the M

M
IC

s. The 
com

plexity of the M
M

IC
s w

as still low
, they 

w
ere generally developed as a 

single-function-per-chip. 
Figure 17  8

-C
hannel Phase C

ontrol D
evice

Figure 16   core chip
Figure 1

8   K
u-B

and 8
-channel dow

nconverter
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to com
m

ercial parties that sell and service the 
designs. An im

pressive portfolio has been 
developed over the years that supports our 
custom

er base in their supply m
anagem

ent. 
Part of these designs are in the open dom

ain, 
available to anyone w

ho com
es along; m

any 
other designs have been licensed for specific 
custom

ers only.

C
onclusion

M
icrow

ave technologies w
ere optim

ised for 
m

anufacturing, m
ore than for feasibility 

dem
onstration. C

ost of m
anufacturing w

as a 
m

ajor driving factor (‘the three m
ost im

portant 
drivers: cost, cost and cost’, quote from

 the 
TN

O
 strategy in 20

0
4). Integration and 

packaging played an increasing role, reducing 
the com

plexity and cost of the m
odules as a 

ued to do over tim
e to support system

 needs, 
the gain w

ould norm
ally slightly decrease or 

rem
ain constant at best. H

ence, the new
ly 

required input pow
er w

ould increase w
ith the 

sam
e am

ount, and an update on the core chip 
output pow

er w
ould be required. The sam

e 
w

ould even m
ore be true w

hen tw
o parallel 

H
PAs w

ere em
ployed. 

Supporting global custom
ers w

ith a sales 
channel, w

ith support engineers, w
ith a 

helpdesk and a sales office is not som
ething 

that is natural to an R
&

D
 organisation like TN

O
. 

The availability of these com
ponents for the 

developm
ent and m

anufacture of end products 
becam

e how
ever m

ore and m
ore im

portant. 
The access of system

 houses to our M
M

IC
s 

has been tackled through licensing the designs 

receiver M
M

IC
s over a single digital interface. 

The am
ount of transistors integrated is 

believed to be a record at that m
om

ent, and 
m

ay still be. An 8 tim
es 4 com

bination 
m

anifold, seen in the centre of the M
M

IC
, is 

also a unique structure that stretched the 
electrom

agnetic sim
ulators to the edge. The 

digital circuits w
ere characterised by transis-

tors w
ith very sm

all gatew
idth dim

ensions 
(typically an order of m

agnitude sm
aller than 

the sm
allest transistor in a m

icrow
ave circuit), 

w
hich forced another design and m

odelling 
approach.

The second effort is a m
ore conventional 

8
-channel receive-only M

M
IC w

ith am
plitude 

and phase control and dow
nconversion. 

P
ow

er am
plifiers

The other crucial com
ponent in T/R

 m
odules 

that rem
ained w

as the pow
er am

plifier. 
Together w

ith the core-chip of choice, this 
pow

er am
plifier needed to form

 a m
atched 

chip-set, w
hich could preferably be obtained 

from
 tw

o independent sources. European G
aAs 

technologies reached a m
ature level and w

ere 
particularly fine in term

s of efficiency and 
robustness to com

pression. 

Increase in efficiency has been a leitm
otiv in 

this era. N
ew

er technologies offering higher 
gains per stage and higher M

ean-Tim
e-To-

Failure (M
TTF) becam

e available. C
om

bined 
w

ith a m
aturing design philosophy and the 

introduction of m
ore advanced am

plifier 
classes (class E, class F, class inverse-F), this 
has resulted in a class of am

plifiers w
ith pow

er 
added efficiencies in the 3

0
-5

0
%

 range. They 
w

ere realised alm
ost exclusively in pH

EM
T 

technologies, w
ith 0.5 or 0.25 µm

 gatelength, 
depending on the frequency of operation.

A particular problem
 that cam

e back several 
tim

es w
as the gain of the am

plifier. W
hen the 

output pow
er increased, som

ething it contin-

The first effort fully concentrated on the digital 
control integrated in excess of 25

0
0 transis-

tors on a single die. In m
icrow

ave G
aAs’ term

s, 
this w

as unprecedented. The request for such 
com

plex M
M

IC
s cam

e initially from
 com

panies 
w

hich w
ere looking for other (high-volum

e) 
applications of phased-array antennas, for 

exam
ple to integrate a phased-array antenna 

in the roof of a car to enable satcom
; m

ilitary 
and space requirem

ents cam
e later. The 

required functionalities did not m
atch w

ith 
available M

M
IC

s and required new
, different 

solutions. TN
O

 contributed also to such 
system

s through M
M

IC
s w

ith unconventional 

functions and a very high level of different 
functions integrated on a single die. In the 
exam

ple in the figure, the digital circuitry is 
routed around the edge and facilitates a 
daisy-chain system

 configuration. M
any chips 

could be connected in this daisy-chain digital 
architecture allow

ing for a control of all 

Figure 1
9  M

im
ix datasheets of the (packaged) XP10

0
6

Figure 2
0 X-B

and 5 W
att phase-shifting pow

er am
plifier

2
0
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of the European D
efence Agency (ED

A). To 
date, this effort is the state-of-art, and offers a 
unique advantage of pulse control. The M

M
IC 

has not found its w
ay into products yet. 

G
aN

: robust receivers and pow
er am

plifiers
As early as 1

9
9

8
, a large D

utch-Sw
edish M

oD
 

program
m

e started to w
ork on G

aN
 and SiC

. 
O

riginally, the SiC w
ork w

as located in Sw
eden, 

w
ith the G

aN
 w

ork being located in The 
N

etherlands, but gradually the G
aN

 w
ork 

becam
e the m

ost im
portant topic for both 

countries. The initial w
ork contained a lot of 

m
aterial research, but already produced G

aN
 

pow
er am

plifiers. It w
as on a landm

ark 
w

orkshop prepared at C
harles de G

aulle 
airport in Paris and held in G

othenburg, 
Sw

eden, in 20
02 that the European G

aN
 scene 

really took shape. There, the basis w
as laid for 

the K
orriG

aN
 program

m
e, a 4

0 M
Euro 

program
m

e incorporating all the m
ajor 

phased-array (technology) players of Europe. 
The program

m
e successfully aim

ed at 
installing a European G

aN
 supply chain. It 

started in D
ecem

ber 20
0

4 and ended in 20
0

9, 

Prom
ising is further the integration of the 

pow
er supply w

ith the pow
er am

plifier. W
ith 

proper dim
ensioning, the resulting PA can be 

used to m
odulate the pulse. In a program

 
nam

ed SW
AP, TN

O
 and Thales N

ederland 
together developed an X-B

and integrated 
pow

er supply and am
plifier under an contract 

the am
plitude control in the transm

it path are 
how

ever m
uch less stringent than in the 

receive path. As a consequence, the beam
-

form
ing functions in the transm

it path can be 
integrated in the driver or pow

er am
plifier, 

leading to integrated phase--shifting pow
er 

am
plifiers.

In term
s of dynam

ic range, Silicon G
erm

anium
 

(SiG
e) is preferred over Silicon C

M
O

S. For the 
sam

e fT, C
M

O
S needs a sm

aller feature size 
than SiG

e, leading in general to low
er supply 

voltages and higher noise levels. D
ynam

ic 
range is of ultim

ate im
portance for phased-

array radar resulting in a natural preference for 
SiG

e over C
M

O
S. 

From
 this m

om
ent on, the Silicon efforts have 

focussed on SiG
e im

plem
entations, trying to 

exploit the advantages in integration level. O
n 

the system
 side, increased flexibility w

as one 
of the m

ajor drivers. If a phased-array w
ith 

m
icrow

ave beam
form

ing needed an additional 
antenna beam

, the w
hole active antenna array 

w
ould need a re-design. The prom

ise of hybrid 
beam

form
ing (digital beam

form
ing on receive, 

analogue beam
form

ing on transm
it) w

as that 
only the processing hard- and softw

are w
ould 

need to be updated. 

As a consequence, the front-end technology 
needed a m

ajor re-partitioning. For the 
transm

it chain, G
aN

 w
as em

erging rapidly, 
offering the perspective of higher pow

er levels 
and pow

er density levels. The com
m

on-leg 
architecture, that had been so successful in a 
generation of system

s, w
as how

ever no longer 
an obvious choice, as the receive chain did not 
need the III-V analogue beam

form
ing function-

ality in case of digital beam
form

ing on receive. 
As hybrid beam

form
ing w

as introduced, also 
the technology basis w

ould becom
e a hybrid 

m
ix of III/V (G

aAs or G
aN

) and IV/IV (SiG
e) 

technologies. 

G
aA

s transm
it chains

N
ever throw

 aw
ay your old shoes before you 

have new
 ones. B

ased on the G
aAs pow

er 
am

plifiers that com
plem

ented core chips as 
discussed in the previous section, the transm

it 
path of phased-array system

s w
ith hybrid 

beam
form

ing could be realised in G
aAs as 

w
ell. The necessity for and specifications of 

m
icrow

ave dom
ain becam

e evident in the early 
20

0
0’s. 

As silicon im
plem

entations had the prom
ise of 

offering cheap solutions, efforts have started, 
initially particularly for the D

utch M
oD

, to 
investigate feasibility. W

ith first vector 
m

odulators resulting from
 a program

m
e called 

STAR
 at S

- and C
-B

and, it turned out that it 
w

ould be tough to beat G
aAs in term

s of price, 
but that it did offer a unique advantage in 
term

s of integration level. In other w
ords, if you 

try to replace G
aAs w

ith Silicon, you w
ill m

iss 
the real advantage of offering higher integra-
tion levels and integrating different kinds of 
functionality. 

w
hole. M

any of the described developm
ents 

have led to industry standard com
ponents, 

som
e of w

hich are com
m

ercially available up to 
today.

In sum
m

ary, integrated pow
er am

plifiers and 
core chips form

 the heart of advanced AESAs, 
som

etim
es com

plem
ented w

ith separate 
lim

iters and LN
As. The efforts at TN

O
 have led 

to technology that today form
s the basis for a 

m
ultitude of phased-array system

s.

II-C
: Enabling m

ulti-beam
 system

s
In parallel to the core chip developm

ents in 
G

aAs described in the previous section, the 
im

portance of silicon for applications in the 

Figure 21  integrated pow
er am

plifier and pow
er supply

Figure 23 S
iG

e type-III PLL for integrated radar chirp 
generation

Figure 2
2  R

obust LN
A M

M
IC from

 the K
orriG

aN
 program

m
e

Figure 24  D
esign chart for the trade-off betw

een lim
iter frequency, pow

er and insertion 
loss

2
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2
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the risk exists that the G
aN

 LN
A survives an 

incident pulse, but the dow
nconverter does 

not. 

A recent breakthrough is the integration of 
really high-pow

er lim
iters in SiG

e. Initial efforts 
around 20

0
8 suggested that the technology 

param
eter that m

atters is I2m
ax/C

in. U
pon 

analysing this param
eter over different 

technologies, it turned out that sm
all-signal 

SiG
e is the best m

aterial of choice. 
Furtherm

ore, this m
aterial is suitable for 

integration w
ith the rem

ainder of the receive 
chain! 

After m
any experim

ents, optim
ising the 

physical diode structure and its layout, and 
taking proper care of input dim

ensioning, w
e 

have proven that lim
iters up to the kilo-W

att 
level can be realised, in any standard SiG

e 
process in a trade-off w

ith frequency of 
operation and insertion loss, see the graph 
below

. The m
easurem

ent set-up to test these 
diodes required excessive input pow

er, 
searching for the right sources w

as part of the 
challenge. 

C
onclusion

In sum
m

ary, changing dem
ands from

 the now
 

m
ainstream

 phased-array system
s w

ere 
m

atched in tim
e w

ith technology developm
ents 

in G
aAs, G

aN
 and SiG

e. As a result, m
ore 

flexible m
ulti-beam

 system
s could be realized 

that could not exist w
ithout these front-end 

developm
ents. The level of integration w

as 
continuously increasing and a technology 
repartitioning w

as inevitable. The technology 
form

s the basis for a suite of system
s based 

on hybrid beam
form

ing.

III A
B

O
U

T TH
IS B

O
O

K
A

bout part one. In the first part of this book, 
the national perspective of the M

M
IC w

ork 
described before is sketched. This perspective 
is a perspective of the m

ilitary dem
and for 

m
ore versatile sensors, and is m

eant to 
provide the context for the second part of the 
book, in w

hich the im
pact of M

M
IC technology 

as such is described. 

The national context and national driving 
factors are described by tw

o key players. The 
first contribution is by the R

oyal N
etherlands 

N
avy, a navy proud of its long tradition. A navy 

w
hich has dem

onstrated tim
e and tim

e again 
to be able to cope w

ith change in the m
ilitary 

dom
ain in a visionary w

ay. The second 
contribution is by the D

utch radar industry, 
reporting over a period in w

hich its nam
e has 

changed from
 H

ollandse Signaalapparaten via 
Thom

son into Thales N
ederland. The m

ain 
highlight w

hich w
ill be addressed by these 

contributions is the APAR
 system

, currently 
installed on the D

utch Air D
efence and 

C
om

m
and Frigate, and in use by a num

ber of 
N

ATO
 countries. The foundations for the 

technology needed, its conception and 
developm

ent as w
ell as its em

ploym
ent can be 

found here. 

The APAR
 system

 is a landm
ark in radar 

developm
ent, and w

ould be im
possible w

ithout 
M

M
IC technology. It took an extraordinary 

effort leading to unprecedented results. M
any 

factors have contributed, such as the state-of-
technology, the state-of-affairs, national 
conditions and an attitude to m

ake the 
im

possible possible. The research on and 
developm

ent of M
M

IC
s plays a pivotal role in 

this.

A
bout part tw

o. In the second part of this 
book, the current im

pact of M
M

IC activities is 
illustrated by seven w

ell-chosen topics. Per 
topic, a note on the early history is com

bined 
w

ith the im
pact as perceived by our partners 

and com
plem

ented by one or m
ore short TN

O
 

exam
ples. Together, this gives a flavour to the 

im
portance and im

pact of M
M

IC
s. 

The topics are chosen either on a technology 

super-heterodyne architecture. W
ith pride, w

e 
report that this receiver is probably the first 
that m

eets real phased-array specifications. 
Also issues such as spurious local-oscillator 
radiation are properly addressed. 

M
ore recently a Type-III phase-locked loop w

as 
developed w

ith the U
niversity of Tw

ente, 
targeting low

-noise chirp generation at 
m

icrow
ave frequencies. The type-III character 

ensures that a zero static-error m
ay be 

achieved for a linear chirp signal, as opposed 
to a conventional, type-II, PLL w

hich can 
ensure a zero static-error for a constant-fre-
quency signal. This com

ponent can be of 
crucial im

portance w
hen, in future tim

es, also 
the signal generation w

ould no longer be 
realised centrally.

SiG
e P

rotection
In term

s of protection against hostile electro-
m

agnetic signals, such as jam
m

ers and other 
transm

itters, phased-arrays require a very 
different strategy than rotating system

s. In 
case of rotating system

s, only one or a few
 

receivers need to be protected against 
enorm

ous pow
er levels (as the signal com

bina-
tion has already taken place in free space). 
This can typically be addressed by bulky 
high-pow

er lim
iters realised in e.g. w

aveguide 
technologies. For a phased-array, there are 
m

any elem
ents that need to be protected 

against pow
er levels that are challenging, but 

generally low
er than for conventional rotators, 

as the protection takes place before the signal 
com

bination. 

O
ne approach is to integrate LN

As in G
aN

, as 
this m

aterial is inherently capable of handling 
higher pow

er levels due to its w
ide bandgap. A 

disadvantage, how
ever, is that the D

C pow
er 

requirem
ents of these LN

As is significant and 
that the problem

 m
ay rem

ain for the stages 
after the G

aN
 front-end. If this LN

A is for 
exam

ple follow
ed by a SiG

e dow
n-converter, 

integrated in a T/R
 m

odule, the rem
aining part 

of the digital beam
form

ing can be addressed 
in a central com

puting unit. After the first 
silicon vector m

odulator efforts, this integrated 
receiver w

as targeted by TN
O

 in the D
utch M

oD
 

program
m

e M
ISTR

AL, a contract that w
as 

perform
ed together w

ith Thales N
ederland. 

O
riginally, this program

m
e w

as envisioned 
under an ED

A contract, but the other country 
could not get funded in tim

e. 

The largest challenges in the receiver are the 
dynam

ic range and selectivity requirem
ents. 

C
ontrary to m

any com
m

ercial integrated 
receivers, the M

ISTR
AL efforts focussed on a 

and w
as the biggest program

m
e the European 

D
efence Agency had contracted, counting in 

total 27 partners. Successors to K
orriG

aN
 

(M
anga and M

agnus) are still ongoing. TN
O

 
activities incorporated the w

ork on robust 
low

-noise am
plifiers (w

ith TN
O

 being responsi-
ble for all the robust LN

A w
ork in K

orriG
aN

 and 
in a large ESA-funded program

m
e), sw

itches 
(to allow

 future circulator-free transm
itters) 

and high-efficiency high pow
er am

plifiers. 

SiG
e Integrated receivers

SiG
e can play a big part in the receive path. If 

a full receiver (including filtering, dow
nconver-

sion and analogue-to-digital conversion can be 

Figure 25  First integrated S
iG

e lim
iter in 0

.25 µm
 B

iC
M

O
S

level, or on the application that they influence. 
Technology-w

ise, sm
all-signal M

M
IC

s (such as 
LN

As, phase shifters and core chips), G
aAs 

high-pow
er am

plifiers, G
aN

 high-pow
er 

am
plifiers and SiG

e receivers are subsequently 
addressed. Application-w

ise, m
ilitary system

s, 
space-born system

s and com
m

ercial m
anufac-

turing are addressed. All of these topics have 
an introduction, a m

ain story-line and som
e 

exam
ples that com

e directly out of the TN
O

 
kitchen.

The contributions start w
ith an overview

 from
 

one of the largest m
ilitary industries in the 

w
orld, Airbus D

efence and Space. D
o not forget 

to check on the im
pact w

hich the integration of 
separate functions in a single core-chip has 
had on m

odule yield as described by Sanm
ina 

C
orporation, this is one of the key factors in 

active array acceptance. C
heck out the 

contributions on pow
er am

plifiers, w
hich 

address the early days of G
aAs, but also the 

advent of G
aN

 and som
e state-of-art H

PAs that 
have influenced virtually all existing non-U

S 
active arrays. Virtually all core-chips and a 
large share of the M

M
IC H

PAs that are around 
can be traced back to TN

O
 research activities.

R
ead about the D

utch pride in SiG
e technol-

ogy. S
tarted as an activity of R

oyal Philips, the 
com

pany now
 know

n as N
XP Sem

iconductors 
has grow

n into a truly global player. H
ave a 

look on the history of M
M

IC
s for spaceborne 

system
s. The European Space Agency has 

been very early in starting the M
M

IC research, 
but the adoption in sensor arrays takes a long 
tim

e. And check out the com
m

ercialization 
aspects, w

hich have contributed largely to the 
im

pact of the designs on actual system
s. Part 

tw
o ends, how

 else, w
ith m

arket perspective, 
telling the story of getting out of the research 
phase into volum

e production.

All in all, M
M

IC
s have a system

 footprint that 
largely exceeds their tiny size!
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lim
itations of current inform

ation processing 
system

s. 

A
bout part four. “The farther backw

ard you 
can look, the farther forw

ard you are likely to 
see”, according to Sir W

inston C
hurchill. W

ith 
this in m

ind, w
e are fortunate to end the book 

w
ith a contribution by the M

useum
 W

aalsdorp, 
located at the sam

e facilities w
here also the 

M
M

IC group has w
orked over these 25 years. It 

is a privilege to have this m
useum

 so close-by. 

Publications form
 only the top-of-the-iceberg in 

the know
ledge gained. W

e tried hard, how
ever, 

to provide an extensive list of publications 
covering 1

9
8

9
-2014

. They indicate w
hat w

e 
have contributed to the scientific com

m
unity, 

how
 w

e share the built-up in know
ledge, but 

also how
 this know

ledge is used. R
em

ark the 
large num

ber of partners as (co-)authors.

W
e hope you w

ill enjoy the enorm
ous am

ount 
of exam

ples, applications and background 
inform

ation, and m
uch m

ore!

A
bout part three. In the third part of this book, 

w
e have asked leading experts from

 around 
the globe to share their insight in the trends for 
M

M
IC

s. Every contribution illum
inates a 

different aspect of M
M

IC
s, and the total is 

believed to bring a unique outlook to w
here the 

field is going.

The topics covered in part three range broadly: 
from

 III-V sem
iconductor m

aterial technology, 
via the possibilities and lim

itations of digital 
design to bio-inspired processing. 

In the III-V dom
ain, please read on the 

lim
itations to D

AR
PA’s heterogeneous 

integration approach in the story from
 M

arc 
R

occhi. Learn from
 M

ark R
odw

ell on the 
strategy for coping w

ith excessive current 
densities through the use of refractory m

etals 
for (sub

-)m
m

-w
ave pow

er am
plifiers. 

Extrapolate the current design techniques into 
the high m

m
-w

ave bands together w
ith H

erbert 
Zirath and value the G

aN
 strengths together 

w
ith R

ik Jos.

In the IV-IV dom
ain, D

om
ine Leenaerts and 

Peter M
agnée indicate the future of Si 

B
iC

M
O

S, extrapolating past trends in an 
intelligent future outlook. The fam

ed m
ixed-

signal design techniques are explained, w
ith a 

keen eye on its lim
itations by Ed van Tuijl, w

ho 
has been around from

 the m
om

ent that they 
em

erged. B
ogdan S

taszew
ski opens a w

indow
 

on digital-R
F, a w

hole new
 w

ay of integrating 
R

F subsystem
s that m

ight affect every R
F 

system
. The final contribution in these silicon 

contributions is from
 Peter B

altus c.s. on 
w

ireless pow
er and inform

ation transfer. They 
present a view

 on the low
-cost and zero-pow

er 
approach needed for the Internet of Things.

The really far-out view
 is put forw

ard by Alain 
C

appy, sketching a picture of all the branches 
of science that w

e need to overcom
e the 
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