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IN	  MEMORIAM	  
JULIEN	  PERRUISSEAU-‐CARRIER	  
1979	  -‐	  2014	  

Sean	  Victor	  Hum	  
22	  July	  2015	  

Lausanne,	  SWITZERLAND,	  23	  April	  2014	  



Julien	  Perruisseau-‐Carrier	  
•  Born	  in	  Lausanne,	  

Switzerland	  on	  October	  
30,	  1979	  
–  Swiss	  and	  French	  
naTonality	  

•  Avid	  sportsman	  (tennis,	  
skiing,	  swimming)	  

•  Passionate	  guitar	  player	  
•  Member	  of	  the	  Social	  

DemocraTc	  Party	  in	  
Switzerland	  
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Julien	  Perruisseau-‐Carrier:	  Chronology	  

1999	  –	  2003	   M.Sc.	  in	  Electrical	  Engineering,	  EPFL,	  Switzerland	  
2003	   Junior	  scienTst,	  University	  of	  Birmingham,	  UK	  
2004	  –	  2007	   Ph.D.	  in	  Electrical	  Engineering,	  EPFL,	  Switzerland	  

Topic:	  Microwave	  Periodic	  Structures	  Based	  on	  
MicroElectroMechanical	  Systems	  (MEMS)	  and	  
Micromachining	  Techniques	  

2007	  –	  2011	  	   Research	  associate	  (PDF),	  CTTC,	  Barcelona,	  Spain	  
2011	  –	  2014	   Professor	  (Swiss	  NaTonal	  Science	  FoundaTon),	  

EPFL,	  Switzerland	  

22	  July	  2015	   In	  Memoriam:	  Julien	  Perruisseau-‐Carrier	   3	  



AdapTve	  MicroNano	  Wave	  Systems	  
Lab	  at	  EPFL:	  From	  Microwaves	  to	  THz	  
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Joint	  antenna-‐coding	  techniques	  
• Higher	  data-‐rate	  and	  lower-‐power	  
• MIMO	  
• Disruptive techniques for reduced 
complexity mobile terminals	  	  

Ar3ficial	  EM	  materials	  
•  Tailor	  extraordinary	  effecTve	  EM	  

properTes	  

	   Dynamic	  reconfigura3on	  
•  Update	  device	  funcTonality	  in	  real	  Tme	  	  
•  Sense	  and	  adapt	  to	  environment	  	  

	  
	  
	  
	  

	  
	  

Use	  of	  micro/nano-‐technology:	  
Graphene,	  MEMS,	  ElectroacBve	  polymers…	  

• EM	  performance,	  higher	  freq.,	  integraTon,	  low	  
power	  	  
• Novel	  sensing	  applicaTons	  (graphene)	  



AdapTve	  MicroNano	  Wave	  Systems	  
Lab	  at	  EPFL	  

•  Associated	  with	  two	  
EPFL	  laboratories:	  
–  Laboratory	  of	  
ElectromagneTcs	  and	  
AcousTcs	  (LEMA,	  Prof.	  
Mosig)	  

–  Nanoelectronic	  Devices	  
Group	  (Nanolab,	  Prof.	  
Ionescu)	  

•  Included	  3	  PostDocs	  
and	  5	  PhD	  students	  
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Julien’s	  PhD	  students	  and	  subjects	  
(2012/13	  –	  2015/16)	  

•  Reduced-‐complexity	  Antennas	  /	  RF	  Front-‐ends	  
for	  MIMO	  Systems	  by	  Mohsen	  Yousegeiki.	  

•  Graphene	  RF-‐NEMS	  by	  Pankaj	  Sharma.	  
•  AdapBve	  millimeter-‐wave	  and	  THz	  devices	  
based	  on	  electro-‐acBve	  polymers,	  by	  Pietro	  
Romano.	  

•  Theory,	  design,	  and	  measurement	  of	  near-‐
opBmal	  graphene	  reconfigurable	  and	  non-‐
reciprocal	  devices,	  by	  Michele	  Tamagnone.	  

•  New	  FronBers	  in	  Reflectarray	  Systems,	  by	  
Hamed	  Hasani.	  
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Julien’s	  PDFs	  

•  J.	  SebasBan	  Gomez-‐Diaz,	  now	  at	  U.	  of	  AusTn	  
(Prof.	  Alu)	  

•  Eduardo	  Carrasco	  Yepez,	  now	  with	  IT'IS	  
Zurich,	  Switzerland	  

•  Daniel	  Rodrigo,	  now	  with	  Prof.	  Haltug	  at	  EPFL,	  
Switzerland	  
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Julien’s	  Achievements	  
•  Nearly	  200	  contribuTons,	  80	  journal	  papers	  
(2007-‐2015)	  
–  IEEE	  TransacGons,	  Journal	  of	  Applied	  Physics,	  OpGcs	  
Express,	  and	  Nature	  Photonics	  	  

•  1555	  citaTons	  (Google	  Scholar)	  
•  h-‐index	  of	  21	  (Google	  Scholar)	  
•  Senior	  Member	  of	  the	  IEEE	  
•  Received	  URSI	  Young	  ScienTst	  Award	  twice	  
•  Recipient,	  Uslenghi	  Lejers	  Prize	  Paper	  Award,	  
2015	  (with	  M.	  Tamagnone)	  
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Julien’s	  Involvement	  and	  Service	  
•  Associate	  Editor	  of	  the	  IEEE	  TransacGons	  on	  
Antennas	  and	  PropagaGon,	  2012-‐2014	  

•  Member	  of	  the	  MTT-‐25	  Technical	  Commijee	  on	  
RF	  Nanotechnology	  (2013)	  	  

•  Switzerland’s	  NaTonal	  Delegate	  in	  Commission	  B	  
on	  “Fields	  and	  Waves”	  of	  the	  InternaTonal	  Union	  
of	  Radio	  Science	  (URSI)	  	  

•  European	  CoordinaTon	  AcTon	  COST	  IC1102	  
“VersaTle,	  Integrated,	  and	  Signal-‐Aware	  
Technologies	  for	  Antennas”	  (VISTA)	  	  

•  AcTvely	  involved	  with	  EuCAP,	  EurAAP,	  IEEE	  AP-‐S	  
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Julien’s	  CollaboraTons	  
•  CTTC,	  Spain	  (X.	  ArBga	  and	  

others)	  
•  IBM	  Thomas	  J.	  Watson	  

Research	  Center,	  USA	  (T.	  Low)	  
•  DESI	  Center	  Free-‐Electron	  

Laser	  Science,	  Germany.	  (A.	  
Fallahi)	  

•  UPC	  Barcelona	  Spain	  (J.	  
Romeu)	  

•  UPM,	  Madrid,	  Spain	  (J.A.	  
Encinar)	  

•  U.	  of	  Cartagena,	  Spain	  (J.	  S.	  
Gomez-‐Diaz,	  A.	  Alvarez-‐
Melcon)	  

•  METU	  Ankara	  (O.	  Aydin	  Civi,	  
C.	  Guclu)	  

•  University	  of	  Geneva,	  
Switzerland	  (A.	  Kuzmenko)	  

•  U.	  of	  Zagreb,	  CroaBa	  (S.	  
Hrabar,	  J.	  Bartolic)	  

•  Aalborg	  University	  (O.	  N.	  
Alrabadi)	  

•  Athens	  IT,	  Greece	  (A.	  Kalis)	  
•  EPFL	  Switzerland	  (many	  Labs	  

and	  Groups)	  
•  ECE,	  U.	  of	  Toronto,	  Canada	  (S.	  

V.	  Hum)	  
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My	  ConnecTon	  to	  Julien	  
•  Met	  in	  2007	  at	  the	  IEEE	  

ElectromagneTc	  Theory	  
Symposium,	  Ojawa,	  Canada	  

•  Short	  course	  with	  Julien,	  J.	  A.	  
Encinar,	  and	  K.	  van	  Caekenberghe	  
at	  EuCAP	  2011	  on	  “Electronically	  
Scanned	  Reflectarrays”	  

•  Short	  course	  with	  Julien	  and	  J.	  A.	  
Encinar	  at	  IEEE	  APS	  2012	  on	  
“Reflectarray	  Antennas:	  Design,	  
Reconfigurability	  And	  PotenTal	  
ApplicaTons”	  
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Lausanne,	  SWITZLERLAND,	  2014	  



My	  ConnecTon	  to	  Julien	  
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Rome,	  ITALY,	  2011	  

The	  Hague,	  NETHERLANDS,	  2014	  

•  Published	  invited	  review	  paper	  
in	  2014,	  “Reconfigurable	  
reflectarrays	  and	  array	  lenses	  
for	  dynamic	  antenna	  beam	  
control:	  A	  review,”	  IEEE	  Trans.	  
Antennas	  Propag.	  

•  Lecturer	  with	  Julien	  
(posthumous),	  J.	  A.	  Encinar,	  
others	  in	  2014	  European	  
School	  of	  Antennas	  on	  “Arrays	  
and	  Reflectarrays”	  

•  Fellow	  Associate	  Editor,	  IEEE	  
TransacTons	  on	  Antennas	  and	  
PropagaTon	  



Advances	  in	  Reconfigurable	  
Antennas	  and	  Space-‐Fed	  Arrays:	  

ContribuBons	  by	  Julien	  Perruisseau-‐
Carrier	  

Sean	  Victor	  Hum	  
University	  of	  Toronto	  



Reconfigurability	  in	  ElectromagneTcs	  

•  The	  idea	  of	  
reconfigurable	  EM	  
devices	  fascinated	  
Julien	  throughout	  his	  
career	  

•  He	  applied	  
reconfigurable	  concepts	  
to	  space-‐fed	  arrays	  
(reflectarrays,	  
transmitarrays),	  as	  well	  
as	  antennas	  
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GLOBAL	  PUBLICATIONS	  ON	  RECONFIGURABLE	  
ANTENNAS	  (SOURCE:	  SCOPUS)	  



Reconfigurable	  Surfaces:	  Reflectarrays	  

•  Reconfigurable	  
reflectarrays	  allow	  for	  
real-‐Tme	  adapTve	  beam	  
steering	  /	  synthesis	  

•  Provide	  gain	  of	  a	  reflector	  
antenna	  with	  the	  
flexibility	  of	  an	  array	  

•  Feed	  losses	  and	  layout	  
problems	  eliminated	  
through	  the	  use	  of	  a	  
spaTal	  feed	  
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EXAMPLE	  OF	  SEMICONDUCTOR-‐BASED	  	  
RECONFIGURABLE	  REFLECTARRAY	  

S.	  V.	  Hum,	  M.	  Okoniewski,	  and	  R.	  J.	  Davies,	  IEEE	  Trans.	  
Antennas	  Propag.,	  vol.	  	  55,	  no.	  8,	  pp.	  2200–2210,	  Aug.	  2007.	  



ApplicaTons	  of	  AdapTve	  Apertures	  
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Remote	  sensing	  

AdapTve	  satellite	  antennas	  	  
for	  mobile	  applicaTons	  

SAR	  

AutomoTve	  radar	  

Image	  credits:	  radartutorial.eu,	  Freescale,	  Westjet	  

IntroducTon	  



Technologies	  for	  Microwave	  
ReconfiguraTon	  
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Pros	   Cons	  

Ferrite	  devices	   • 	  Reliability	  
• 	  Power	  handling	  

• 	  Bulky	  
• 	  MagneTc	  control	  

Semiconductors	   • 	  Reliability	  
• 	  Availability	  

• 	  Non-‐lineariTes	  	  •	  Losses	  
• 	  Power	  consumpTon	  

MEMS	   • 	  Very	  low	  loss	  •	  High	  Freq.	  
• 	  ‘Zero’	  power	  consumpt.	  
• 	  Very	  linear	  	  •	  IntegraTon	  

• 	  Reliability,	  availability	  
• 	  Switching	  speed	  
• 	  Precision	  

Liquid	  Crystals	   • 	  Suitable	  to	  very	  high	  freq.	  
(upper	  mm-‐wave)	  
• 	  Cheap?	  

• 	  Loss	  at	  microwave	  frequencies	  
• 	  Switching	  speed	  
• 	  SensiTvity	  (temp.,	  iniTal	  state,	  etc.)	  

NEMS	  (CNT,	  
graphene)	  

• 	  Integr.	  with	  nanoelectronics	  
• 	  Switching	  speed	  

• 	  	  Very	  few	  capabiliTes	  	  	  	  	  	  
demonstrated	  yet!	  

Fu
tu
re
?	  
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Major	  TheoreTcal	  ContribuTons:	  Efficient	  
Modeling	  of	  Lumped	  Elements	  	  

•  Similar	  to	  standard	  
reflectarray	  cells,	  scajering	  
response	  determined	  by	  
placing	  cell	  in	  periodic	  
(Floquet)	  waveguide	  
(infinite	  array	  analysis)	  

•  Broadside	  characterizaTon	  
using	  PEC	  /	  PMC	  boundary	  
condiTons	  

•  TE	  /	  TM	  /	  TEM	  reflecTon	  
coefficient	  Γ	  measured	  
–  Magnitude	  (reflecTon	  loss)	  
–  Phase	  
–  PolarizaTon	  
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Major	  TheoreTcal	  ContribuTons:	  Efficient	  
Modeling	  of	  Lumped	  Elements	  	  

22	  July	  2015	   In	  Memoriam:	  Julien	  Perruisseau-‐Carrier	   19	  

...

...

m

M
2

1
a1

b1

a2=0

b2

3

...

...

Zm

Z2=377W 

am

bm

Co-pol.

Cross-pol.

Cell  ,  L C Loads

Ltot

LX

Lm

Loaded cell

im
um

Co/cross fields 
(Floquet 

harmonics) 

MEMS  
(internal ports)  

1624 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 58, NO. 6, JUNE 2010

simulation. In this case, the full-wave simulation is run only
once and the ports representing the MEMS are loaded by given
circuit models in post-processing of the obtained multiport

-matrix. As a result, a single and low-complexity simulation
can be carried out for all states and all design variations of
the loading MEMS elements, opening the path to an efficient
optimization of the structure.

Here, we provide the formulas to perform such a port loading
in the general case of a simulation using PBCs (PBC-WG of
Section III). In this case, the simulation of a unit cell comprises

ports if MEMS are present in the simulated
structure (the remaining port accounting for the incoming/re-
flected wave on the cell). However, the dimension of the corre-
sponding -matrix is since the PBC-WG guiding
the incoming/reflected wave actually supports two orthogonal
Floquet harmonics.

First, we define the general -port -matrix with ports #1
and #2 corresponding to the Floquet harmonics and ports #3 to
# to the variable loading elements. We can write the scattering
system according to subvectors (and submatrices) cor-
responding to the unloaded and loaded ports as follows:

(1)

where and ( and , respectively) are vectors
of dimension 2 1 ( , respectively) and the ma-
trices and of dimensions ,

and , respectively.
Second, we define the diagonal matrix

comprising the reflection coef-
ficients at port . These reflection coefficients
are defined “towards the loads” and are given by

, where and
are the loading and reference impedances at port ,

respectively. Thus, we have

(2)

Now, introducing (2) in (1), after some calculations we obtain

(3)

where is the identity matrix of dimension - . The matrix de-
fined as in (3) is thus the desired two-port -matrix linking
incident and reflected Floquet harmonics, from which the phase
and amplitude of the co- and cross-polarized reflected fields can
be deduced. Finally, for the sake of completeness and with re-
gard to the developments leading to (3), interested readers are
encouraged to consult [20], which presents a simple and effi-
cient algorithm for the calculation of the -matrix of arbitrary
interconnected multiports.

V. METHODS COMPARISON

This section compares the three modeling approaches de-
scribed in Section IV-C in terms of precision and computation
time. The computed reflection phases for the three options are
shown in Fig. 4. For clarity, only four representative states are
shown, but similar results are obtained for all states. A very good

Fig. 4. Comparison of the computed reflection phase with MEMS elements
modeled by: (—) their detailed geometry, surface impedance boundaries,

internal ports. For clarity, the data are plotted only for four representative
states and correspond to mm and .

agreement is observed between all three methods, which simul-
taneously validates the inclusion of the MEMS loadings in the
cell simulation, the “isolated” MEMS lumped model extraction,
and the loading of the ports in post-processing. Moreover, it is
noticeable that these simulation results are experimentally vali-
dated since good agreement between measured results and sim-
ulation using the detailed geometry approach was demonstrated
in [16].

We also compare the three methods in terms of computa-
tion time. For fair comparison, first a common precision cri-
terium is defined. As the computation time for each method de-
pends on the number of refinement iterations in the finite-el-
ement method, the number of iterations selected for the com-
parison is determined according to this common convergence
criterium. Here, the criterium selected is that the average phase
difference of the selected iteration with regard to any subsequent
one is below 1 .

All simulations were run for normal incidence using the
PECPMC-WG, which is the fastest way to simulate the struc-
ture (see Section IV-B). A quad-core 2.86-GHz PC with 8 GB
of memory is used. In the case of the detailed geometry ap-
proach, the simulation of a single state requires about 50 min;
hence, 27 h to compute all 32 states. Note that this simulation
time is already minimized by the use of the PECPMC-WG and
the definition of all conductors as 2-D patterns. Moreover, the
high-resistivity dc-biasing lines and the etch holes in the MEMS
bridges were removed from the simulations after verification
of their negligible effect.

Replacing the detailed MEMS geometry by impedance
boundaries reduces the simulation time to about 2.5 h for all
states; hence, a time saving of a factor 11. A more drastic time
reduction is obtained using the internal ports method since this
one only requires a single simulation of about 6 min, sufficient
to compute all 32 states. Thus, this method allows the reduction
of the computation time by a factor of about 300 compared to
the detailed MEMS geometry description. The only parameter
that will significantly impact on the aforementioned ratios
of simulation times is the number of bits considered. Indeed,
both detailed geometry and impedance boundaries methods
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simulation. In this case, the full-wave simulation is run only
once and the ports representing the MEMS are loaded by given
circuit models in post-processing of the obtained multiport

-matrix. As a result, a single and low-complexity simulation
can be carried out for all states and all design variations of
the loading MEMS elements, opening the path to an efficient
optimization of the structure.

Here, we provide the formulas to perform such a port loading
in the general case of a simulation using PBCs (PBC-WG of
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structure (the remaining port accounting for the incoming/re-
flected wave on the cell). However, the dimension of the corre-
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comprising the reflection coef-
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are defined “towards the loads” and are given by

, where and
are the loading and reference impedances at port ,

respectively. Thus, we have

(2)

Now, introducing (2) in (1), after some calculations we obtain

(3)

where is the identity matrix of dimension - . The matrix de-
fined as in (3) is thus the desired two-port -matrix linking
incident and reflected Floquet harmonics, from which the phase
and amplitude of the co- and cross-polarized reflected fields can
be deduced. Finally, for the sake of completeness and with re-
gard to the developments leading to (3), interested readers are
encouraged to consult [20], which presents a simple and effi-
cient algorithm for the calculation of the -matrix of arbitrary
interconnected multiports.

V. METHODS COMPARISON

This section compares the three modeling approaches de-
scribed in Section IV-C in terms of precision and computation
time. The computed reflection phases for the three options are
shown in Fig. 4. For clarity, only four representative states are
shown, but similar results are obtained for all states. A very good

Fig. 4. Comparison of the computed reflection phase with MEMS elements
modeled by: (—) their detailed geometry, surface impedance boundaries,

internal ports. For clarity, the data are plotted only for four representative
states and correspond to mm and .

agreement is observed between all three methods, which simul-
taneously validates the inclusion of the MEMS loadings in the
cell simulation, the “isolated” MEMS lumped model extraction,
and the loading of the ports in post-processing. Moreover, it is
noticeable that these simulation results are experimentally vali-
dated since good agreement between measured results and sim-
ulation using the detailed geometry approach was demonstrated
in [16].

We also compare the three methods in terms of computa-
tion time. For fair comparison, first a common precision cri-
terium is defined. As the computation time for each method de-
pends on the number of refinement iterations in the finite-el-
ement method, the number of iterations selected for the com-
parison is determined according to this common convergence
criterium. Here, the criterium selected is that the average phase
difference of the selected iteration with regard to any subsequent
one is below 1 .

All simulations were run for normal incidence using the
PECPMC-WG, which is the fastest way to simulate the struc-
ture (see Section IV-B). A quad-core 2.86-GHz PC with 8 GB
of memory is used. In the case of the detailed geometry ap-
proach, the simulation of a single state requires about 50 min;
hence, 27 h to compute all 32 states. Note that this simulation
time is already minimized by the use of the PECPMC-WG and
the definition of all conductors as 2-D patterns. Moreover, the
high-resistivity dc-biasing lines and the etch holes in the MEMS
bridges were removed from the simulations after verification
of their negligible effect.

Replacing the detailed MEMS geometry by impedance
boundaries reduces the simulation time to about 2.5 h for all
states; hence, a time saving of a factor 11. A more drastic time
reduction is obtained using the internal ports method since this
one only requires a single simulation of about 6 min, sufficient
to compute all 32 states. Thus, this method allows the reduction
of the computation time by a factor of about 300 compared to
the detailed MEMS geometry description. The only parameter
that will significantly impact on the aforementioned ratios
of simulation times is the number of bits considered. Indeed,
both detailed geometry and impedance boundaries methods
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simulation. In this case, the full-wave simulation is run only
once and the ports representing the MEMS are loaded by given
circuit models in post-processing of the obtained multiport

-matrix. As a result, a single and low-complexity simulation
can be carried out for all states and all design variations of
the loading MEMS elements, opening the path to an efficient
optimization of the structure.

Here, we provide the formulas to perform such a port loading
in the general case of a simulation using PBCs (PBC-WG of
Section III). In this case, the simulation of a unit cell comprises

ports if MEMS are present in the simulated
structure (the remaining port accounting for the incoming/re-
flected wave on the cell). However, the dimension of the corre-
sponding -matrix is since the PBC-WG guiding
the incoming/reflected wave actually supports two orthogonal
Floquet harmonics.

First, we define the general -port -matrix with ports #1
and #2 corresponding to the Floquet harmonics and ports #3 to
# to the variable loading elements. We can write the scattering
system according to subvectors (and submatrices) cor-
responding to the unloaded and loaded ports as follows:

(1)

where and ( and , respectively) are vectors
of dimension 2 1 ( , respectively) and the ma-
trices and of dimensions ,

and , respectively.
Second, we define the diagonal matrix

comprising the reflection coef-
ficients at port . These reflection coefficients
are defined “towards the loads” and are given by

, where and
are the loading and reference impedances at port ,

respectively. Thus, we have

(2)

Now, introducing (2) in (1), after some calculations we obtain

(3)

where is the identity matrix of dimension - . The matrix de-
fined as in (3) is thus the desired two-port -matrix linking
incident and reflected Floquet harmonics, from which the phase
and amplitude of the co- and cross-polarized reflected fields can
be deduced. Finally, for the sake of completeness and with re-
gard to the developments leading to (3), interested readers are
encouraged to consult [20], which presents a simple and effi-
cient algorithm for the calculation of the -matrix of arbitrary
interconnected multiports.

V. METHODS COMPARISON

This section compares the three modeling approaches de-
scribed in Section IV-C in terms of precision and computation
time. The computed reflection phases for the three options are
shown in Fig. 4. For clarity, only four representative states are
shown, but similar results are obtained for all states. A very good

Fig. 4. Comparison of the computed reflection phase with MEMS elements
modeled by: (—) their detailed geometry, surface impedance boundaries,

internal ports. For clarity, the data are plotted only for four representative
states and correspond to mm and .

agreement is observed between all three methods, which simul-
taneously validates the inclusion of the MEMS loadings in the
cell simulation, the “isolated” MEMS lumped model extraction,
and the loading of the ports in post-processing. Moreover, it is
noticeable that these simulation results are experimentally vali-
dated since good agreement between measured results and sim-
ulation using the detailed geometry approach was demonstrated
in [16].

We also compare the three methods in terms of computa-
tion time. For fair comparison, first a common precision cri-
terium is defined. As the computation time for each method de-
pends on the number of refinement iterations in the finite-el-
ement method, the number of iterations selected for the com-
parison is determined according to this common convergence
criterium. Here, the criterium selected is that the average phase
difference of the selected iteration with regard to any subsequent
one is below 1 .

All simulations were run for normal incidence using the
PECPMC-WG, which is the fastest way to simulate the struc-
ture (see Section IV-B). A quad-core 2.86-GHz PC with 8 GB
of memory is used. In the case of the detailed geometry ap-
proach, the simulation of a single state requires about 50 min;
hence, 27 h to compute all 32 states. Note that this simulation
time is already minimized by the use of the PECPMC-WG and
the definition of all conductors as 2-D patterns. Moreover, the
high-resistivity dc-biasing lines and the etch holes in the MEMS
bridges were removed from the simulations after verification
of their negligible effect.

Replacing the detailed MEMS geometry by impedance
boundaries reduces the simulation time to about 2.5 h for all
states; hence, a time saving of a factor 11. A more drastic time
reduction is obtained using the internal ports method since this
one only requires a single simulation of about 6 min, sufficient
to compute all 32 states. Thus, this method allows the reduction
of the computation time by a factor of about 300 compared to
the detailed MEMS geometry description. The only parameter
that will significantly impact on the aforementioned ratios
of simulation times is the number of bits considered. Indeed,
both detailed geometry and impedance boundaries methods
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SL	  is	  the	  desired	  two-‐port	  GSM	  linking	  
the	  incident	  and	  reflected	  Floquet	  
Harmonics	  

J.	  Perruisseau-‐Carrier	  et	  al,	  “ContribuTons	  to	  the	  modeling	  
and	  design	  of	  reconfigurable	  reflecTng	  cells	  embedding	  
discrete	  control	  elements,”	  IEEE	  Trans.	  Microw.	  Theory	  
Tech.,	  vol.	  58,	  no.	  6,	  pp.	  1621–1628,	  2010.	  



Major	  TheoreTcal	  ContribuTons:	  RWG	  
Simulators	  of	  Reflectarray	  Unit	  Cells	  

•  Waveguides	  provides	  a	  pracTcal	  
way	  for	  measuring	  reflectarray	  
cells	  

•  Simulates	  non-‐broadside	  
incidence	  in	  infinite	  array	  
scenario	  
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RRA	  Cell	  CharacterizaTon	  

P.	  Hannan	  and	  M.	  Balfour,	  “SimulaTon	  of	  a	  phased-‐array	  antenna	  in	  waveguide,”	  IEEE	  Trans.	  Antennas	  Propag.,	  vol.	  
AP-‐13,	  no.	  3,	  pp.	  342–353,	  Mar.	  1965.	  



Major	  TheoreTcal	  ContribuTons:	  RWG	  
Simulators	  of	  Reflectarray	  Unit	  Cells	  

•  Waveguide	  simulators	  limited	  in	  only	  characterizing	  
cells	  that	  are	  double	  symmetric	  

•  Further,	  geometry	  constrains	  testable	  frequency	  
range	  
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IllustraTon	  of	  non-‐	  
symmetric	  case	  



Major	  TheoreTcal	  ContribuTons:	  RWG	  
Simulators	  of	  Reflectarray	  Unit	  Cells	  

•  Number	  of	  elements	  placed	  in	  the	  RWG	  is	  
not	  necessarily	  one.	  Image	  theory	  -‐>	  any	  
number	  m	  of	  half-‐elements,	  so	  for	  the	  
lawce	  spacing	  d:	  	  

•  An	  array	  scanning	  full	  space	  without	  
graTng	  lobes	  must	  have:	  

•  The	  second	  mode	  of	  the	  RWG	  with	  a	  >	  2b	  
is	  propagated	  from	  f20	  with:	  
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e.g. m=4 :	  

RRA	  Cell	  CharacterizaTon	  



Major	  TheoreTcal	  ContribuTons:	  
PolarizaTon	  Management	  in	  RAs	  

•  General	  principle:	  sequenTal	  rotaTon	  	  
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Guclu	  et	  al.	  “Proof	  of	  Concept	  of	  a	  Dual-‐band	  CP	  RF	  MEMS	  Beam-‐Switching	  Reflectarray”	  IEEE	  Trans.	  Ant.	  Propag.,	  
2012.	  

co-‐pol.	   cross-‐pol.	  

Approach	  3:	  SequenTal	  RotaTon	  

à	  Cancel	  the	  cross-‐polarized	  term	  by	  
opTmizaTon	  of	  the	  cell	  

180°	  

freq	  phase	  

à	  Control	  the	  co-‐polarized	  phase	  by	  the	  
rotaTon	  of	  the	  element	  



Major	  Experimental	  ContribuTons	  in	  
Reflectarrays	  

•  Reconfigurable	  reflectarrays:	  MEMS,	  
semiconductors,	  switches	  

•  Graphene	  as	  a	  next-‐generaTon	  material	  for	  
realizing	  reflectarray	  unit	  cells	  

•  Novel	  technologies	  (e.g.	  dielectric	  elastomer	  
actuators)	  applied	  to	  antennas	  
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PerspecTves	  on	  Future	  Reconfigurable	  
Reflectarray	  /	  Surface	  Challenges	  

•  Further	  cost	  reducTons	  
required	  

•  MiTgaTon	  of	  losses	  
•  Increased	  capabiliTes	  
mm-‐wave	  frequencies	  

•  New	  materials	  /	  
playorms	  

•  MulT-‐band	  /	  wideband	  
capabiliTes	  required	  
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New	  Playorms:	  Transparent	  
Reflectarrays	  

Through	  careful	  cell	  design,	  ohmic	  
losses	  in	  transparent	  oxides	  can	  be	  
managed	  
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New	  Playorms:	  Transparent	  
Reflectarrays	  
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MulT-‐band	  /	  Wideband	  Reflectarrays	  
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Off

Off

fine tuning  (reactive loading)
coarse tuning (switching)

Varactor

PIN diode

PIN diode frequency tuning range

analog phase control
for beam-scanning

•  Idea:	  use	  switches	  to	  
configure	  centre	  
frequency	  of	  unit	  cell	  

•  An	  analog	  phase	  range	  
above	  270°	  is	  achieved	  
over	  a	  50%	  frequency	  
range,	  from	  1.88	  GHz	  to	  
3.07	  GHz,	  with	  flat	  losses	  
of	  0.8	  dB	  

•  For	  an	  analog	  phase	  
range	  of	  180°	  the	  cell	  
achieves	  a	  1:2	  frequency	  
reconfiguraTon	  range	  
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Wideband	  ReflecTng	  Metasurfaces	  
•  Idea:	  design	  metasurface	  

scajerers	  to	  mimic	  Bessel	  
filters	  (flat	  group	  delay)	  

•  Scajerers	  realize	  
inducTve	  /	  capaciTve	  filter	  
elements	  needed	  
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TUP-A1.1P: An Impedance Surface-Based Method For Designing Wideband Reflectarrays
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Introduction

Motivation

• Reflectarray are thin and lightweight compared to
their mechanical counterparts. They can be made
electronically tunable to provide beam-steering and
beamforming capabilities.

• One major drawback: limited bandwidth.

• Solutions: multiple layers of scatterers, FSS/sub-
wavelength elements, impedance/admittance sur-
face, true-time-delay, transformation optics.

Requirements for Large Bandwidth

• Question: What is required to have an unlimited
bandwidth?

• From reflection phase perspective, phase of �
required

is linear with required delay distance d.

RA
d

x

z
�

required

= e�j!d(x)/c

z
required

= jzotan

✓
!d(x)

c

◆

c is the speed of light.

• From an impedance (better) perspective: z
required

is
a transcendental function of ! and d.

• Hence, any surface impedance that is modeled as
a finite LC network must be inherently band limited.

Goals

• Develop a framework to design an UWB reflectarray
with a maximum bandwidth.

• Based on the framework, design and fabricate a re-
flectarray to achieve the maximized bandwidth.

• Measure the antenna characteristics of the fabri-
cated reflectarray.

Theory

Bessel Filter

• Consider a 4

th order Bessel filter

H(s) =
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• Maximally flat normalized group delay, orders 1 to 5
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Transfer Function �(s)

• Let z
in

= PM(s)/QN(s) for lossless passive LC net-
work, then either 1) PM(s) is an even polynomial and
QN(s) is an odd polynomial or 2) vise versa.

• Position of poles/zeros of �(s) is always mirror-
imaged about j!-axis, making numerator and de-
nominator always have the same group delay.
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• Denominator of �(s) can always be set to a Bessel
polynomial. For example, set
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• Solving for L
1

, L
2

, C
1

, C
2

gives
L
1

= (0.41)(⌧gzref) C
1

= (0.23)(⌧g/zref)

L
2

= (1.00)(⌧gzref) C
2

= (0.10)(⌧g/zref)

• A discretized impedance surface is created. Each
impedance cell realizes a delay by realizing the
lumped circuit model using printed circuits:
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Geometry and Design
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• Offset reflector in the E-plane.
• Dominant TM polarization state.
• Distance compensation profile determined by ray-

tracing.
• z

required

(x, y) is found and suitable printed circuit is
synthesized.

Experiment & Results

• Obtain far-field pattern from near-field scan.
• Two open-ended waveguides as feeds, WR137 and

WR112 to cover 5 to 10GHz.

Reflectarray
Ground Plane

WG Feed
Scan Probe

k
reflected

z0

y0

x0

Elev.

Az.

• Inset shows fabricated unit cells.
• Simulated signal fidelity (correlation) 0.98.
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Meas.
Sim. No Loss
Sim. With Loss

• Efficiency and cross polarization ratio at broadside.

Freq. [GHz] 5 6 7 8 9 10

✏s 0.225 0.297 0.277 0.258 0.321 0.293
✏c 0.740 0.731 0.731 0.701 0.646 0.615
XPR [dB] 29.79 36.04 35.37 45.54 45.84 36.80

Conclusion

• A novel framework is developed to design UWB re-
flectarrays using an impedance surface based on
Bessel filters.

• No significant beam-squinting is observed. The re-
flectarray has a good beam quality over from 5 to
10GHz and an excellent signal fidelity of 0.98.
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Introduction

Motivation

• Reflectarray are thin and lightweight compared to
their mechanical counterparts. They can be made
electronically tunable to provide beam-steering and
beamforming capabilities.

• One major drawback: limited bandwidth.

• Solutions: multiple layers of scatterers, FSS/sub-
wavelength elements, impedance/admittance sur-
face, true-time-delay, transformation optics.

Requirements for Large Bandwidth

• Question: What is required to have an unlimited
bandwidth?

• From reflection phase perspective, phase of �
required

is linear with required delay distance d.
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• From an impedance (better) perspective: z
required

is
a transcendental function of ! and d.

• Hence, any surface impedance that is modeled as
a finite LC network must be inherently band limited.

Goals

• Develop a framework to design an UWB reflectarray
with a maximum bandwidth.

• Based on the framework, design and fabricate a re-
flectarray to achieve the maximized bandwidth.

• Measure the antenna characteristics of the fabri-
cated reflectarray.

Theory

Bessel Filter

• Consider a 4

th order Bessel filter

H(s) =
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Transfer Function �(s)

• Let z
in

= PM(s)/QN(s) for lossless passive LC net-
work, then either 1) PM(s) is an even polynomial and
QN(s) is an odd polynomial or 2) vise versa.

• Position of poles/zeros of �(s) is always mirror-
imaged about j!-axis, making numerator and de-
nominator always have the same group delay.
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• A discretized impedance surface is created. Each
impedance cell realizes a delay by realizing the
lumped circuit model using printed circuits:
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• Offset reflector in the E-plane.
• Dominant TM polarization state.
• Distance compensation profile determined by ray-

tracing.
• z

required

(x, y) is found and suitable printed circuit is
synthesized.

Experiment & Results

• Obtain far-field pattern from near-field scan.
• Two open-ended waveguides as feeds, WR137 and

WR112 to cover 5 to 10GHz.
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• Inset shows fabricated unit cells.
• Simulated signal fidelity (correlation) 0.98.
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• Efficiency and cross polarization ratio at broadside.

Freq. [GHz] 5 6 7 8 9 10

✏s 0.225 0.297 0.277 0.258 0.321 0.293
✏c 0.740 0.731 0.731 0.701 0.646 0.615
XPR [dB] 29.79 36.04 35.37 45.54 45.84 36.80

Conclusion

• A novel framework is developed to design UWB re-
flectarrays using an impedance surface based on
Bessel filters.

• No significant beam-squinting is observed. The re-
flectarray has a good beam quality over from 5 to
10GHz and an excellent signal fidelity of 0.98.
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Introduction

Motivation

• Reflectarray are thin and lightweight compared to
their mechanical counterparts. They can be made
electronically tunable to provide beam-steering and
beamforming capabilities.

• One major drawback: limited bandwidth.

• Solutions: multiple layers of scatterers, FSS/sub-
wavelength elements, impedance/admittance sur-
face, true-time-delay, transformation optics.

Requirements for Large Bandwidth

• Question: What is required to have an unlimited
bandwidth?

• From reflection phase perspective, phase of �
required

is linear with required delay distance d.
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• From an impedance (better) perspective: z
required

is
a transcendental function of ! and d.

• Hence, any surface impedance that is modeled as
a finite LC network must be inherently band limited.

Goals

• Develop a framework to design an UWB reflectarray
with a maximum bandwidth.

• Based on the framework, design and fabricate a re-
flectarray to achieve the maximized bandwidth.

• Measure the antenna characteristics of the fabri-
cated reflectarray.

Theory

Bessel Filter

• Consider a 4

th order Bessel filter
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• Let z
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= PM(s)/QN(s) for lossless passive LC net-
work, then either 1) PM(s) is an even polynomial and
QN(s) is an odd polynomial or 2) vise versa.

• Position of poles/zeros of �(s) is always mirror-
imaged about j!-axis, making numerator and de-
nominator always have the same group delay.
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• A discretized impedance surface is created. Each
impedance cell realizes a delay by realizing the
lumped circuit model using printed circuits:
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• Offset reflector in the E-plane.
• Dominant TM polarization state.
• Distance compensation profile determined by ray-

tracing.
• z

required

(x, y) is found and suitable printed circuit is
synthesized.

Experiment & Results

• Obtain far-field pattern from near-field scan.
• Two open-ended waveguides as feeds, WR137 and

WR112 to cover 5 to 10GHz.

Reflectarray
Ground Plane

WG Feed
Scan Probe

k
reflected

z0

y0

x0

Elev.

Az.

• Inset shows fabricated unit cells.
• Simulated signal fidelity (correlation) 0.98.
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• Efficiency and cross polarization ratio at broadside.

Freq. [GHz] 5 6 7 8 9 10

✏s 0.225 0.297 0.277 0.258 0.321 0.293
✏c 0.740 0.731 0.731 0.701 0.646 0.615
XPR [dB] 29.79 36.04 35.37 45.54 45.84 36.80

Conclusion

• A novel framework is developed to design UWB re-
flectarrays using an impedance surface based on
Bessel filters.

• No significant beam-squinting is observed. The re-
flectarray has a good beam quality over from 5 to
10GHz and an excellent signal fidelity of 0.98.
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In addition, the chosen circuit terminates in an open-circuit
requiring the presence of PMC as backing for the reflectarray
surface. For the chosen circuit, the denominator of �in(s) is

L1L2C1C2s
4 +

1

zref
L1L2C1s

3

+ (L1C1 + L2C1 + L2C2)s
2 +

1

zref
L2s+ 1. (5)

Each term in (5) is matched with corresponding term in
denominator of (3) and the expressions for the component
values are solved to be

L1 = 0.41⌧gzref L2 = 1.00⌧gzref

C1 = 0.23⌧g/zref C2 = 0.10⌧g/zref,

where ⌧g is the desired group delay of the cell and zref is the
characteristics of the transmission line that feeds the unit cell.

Fig. 1(b) shows the unit cell of size 8mm ⇥ 2mm that
consist of printed circuits to realize the circuit in Fig. 1(a).
Meander lines are used to realized the two inductors and C1

and C2 are realized by interdigitated capacitors and the edge
capacitors respectively. Four geometry parameters AL1, AL2,
AC1 and wC2 are defined in the figure and swept in Ansys
HFSS using full-wave simulations to extract the component
values L1, L2, C1 and C2. Look-up tables are then constructed
to map the geometry parameters to the component values.

C1

L1

C2 L2

(a) (b) AL2
AL1

AC1

wC2L1

C1

L2

C2

Fig. 1. (a) The chosen 4th order. (b) The realization of the chosen circuit
using printed circuits. For space, half of C2 capacitor is shown. L1, C1 and
C2 all reside on one layer and L2 resides on a different layer shown in a
different color.

IV. REFLECTARRAY SIMULATION AND RESULTS

An offset parabolic reflector is used as an example. It has
f/D = 0.5, D = 280mm. The equivalent reflectarray has
u/D = 0.77 where distance u is measured from the center
of the reflectarray to its focal point. The reflectarray has an
offset angle of 42.74�. A simulation is set up in HFSS in a
parallel-plate waveguide in which the 1-D reflectarray resides,
as illustrated in Fig. 2. A cylindrical current source is placed
at the focal point of the reflectarray which is backed by a
PEC acting as a PMC needed by the reflectarray. The PEC is
located at 9.75mm away from the reflectarray, a distance that
roughly corresponds to �/4 at 8GHz.

Fig. 3 shows the scattered far-field patterns of the reflec-
tarray from 7 to 10GHz for different configurations which
are defined in the legend. No significant beam squinting is
observed for a wide range of frequencies from 7 to 10GHz,

Scattered fields

Current source

PEC Backing

Reflectarray✓

Fig. 2. Top view of the simulation setup (drawn to scale) of 1-D reflectarray
(solid blue) with a PEC backing (solid black) at 9.75mm away. An equivalent
parabolic reflector is shown in dashed red.

a 35.3% fractional bandwidth. The overall far-field patterns
of the case with PEC backing is comparable to the case with
ideal PMC backing and the ideal parabolic reflector.
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Fig. 3. Simulated far-field patterns for various configurations. Ideal Zs
corresponds to an ideal impedance surface; Ideal Par. corresponds to an ideal
parabolic reflector. HFSS PMC corresponds to the simulated reflectarray in
HFSS with a PMC backing located 0.1mm away. HFSS PEC correspond to
the simulated reflectarray with PEC backing located 9.75mm away.

V. CONCLUSION

In this paper, we have proposed a novel method to design
reflectarrays using an impedance surface-based method. The
propose design methodology can easily be used to design full
2-D versions of the reflectarray which is currently in progress.

REFERENCES

[1] J. Encinar and J. Zornoza, “Broadband design of three-layer printed
reflectarrays,” IEEE Trans. Antennas Propag., vol. 51, no. 7, pp. 1662–
1664, 2003.

[2] E. Carrasco, J. A. Encinar, and M. Barba, “Bandwidth improvement
in large reflectarrays by using true-time delay,” IEEE Trans. Antennas
Propag., vol. 56, no. 8, pp. 2496 –2503, Aug. 2008.

[3] F. F. Kuo, Network Analysis and Synthesis (2nd). John Wiley & Sons
Inc, 1966.

[4] L. D. Paarmann, Design and Analysis of Analog Filters: A Signal
Processing Perspective. Springer, 2001.

TUP-A1.1P: An Impedance Surface-Based Method For Designing Wideband Reflectarrays

Liang Liang, Sean Victor Hum
The Edward S. Rogers Sr. Department of Electrical and Computer Engineering

University of Toronto, Toronto, Ontario, Canada Vancouver, BC, Canada

Introduction

Motivation

• Reflectarray are thin and lightweight compared to
their mechanical counterparts. They can be made
electronically tunable to provide beam-steering and
beamforming capabilities.

• One major drawback: limited bandwidth.

• Solutions: multiple layers of scatterers, FSS/sub-
wavelength elements, impedance/admittance sur-
face, true-time-delay, transformation optics.

Requirements for Large Bandwidth

• Question: What is required to have an unlimited
bandwidth?

• From reflection phase perspective, phase of �
required

is linear with required delay distance d.
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c is the speed of light.

• From an impedance (better) perspective: z
required

is
a transcendental function of ! and d.

• Hence, any surface impedance that is modeled as
a finite LC network must be inherently band limited.

Goals

• Develop a framework to design an UWB reflectarray
with a maximum bandwidth.

• Based on the framework, design and fabricate a re-
flectarray to achieve the maximized bandwidth.

• Measure the antenna characteristics of the fabri-
cated reflectarray.

Theory

Bessel Filter

• Consider a 4

th order Bessel filter
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• Maximally flat normalized group delay, orders 1 to 5
!n,max

= 3.682 rad for ⌧t = 1p
2

! or d/c

�
@
\H @
!

o
r
�

@
\H

@
(
d
/c
)

0

⇡
2⇡ 3⇡ 4⇡

0

0.4

0.8

1

5

Transfer Function �(s)

• Let z
in

= PM(s)/QN(s) for lossless passive LC net-
work, then either 1) PM(s) is an even polynomial and
QN(s) is an odd polynomial or 2) vise versa.

• Position of poles/zeros of �(s) is always mirror-
imaged about j!-axis, making numerator and de-
nominator always have the same group delay.
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gives
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• A discretized impedance surface is created. Each
impedance cell realizes a delay by realizing the
lumped circuit model using printed circuits:
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• Offset reflector in the E-plane.
• Dominant TM polarization state.
• Distance compensation profile determined by ray-

tracing.
• z

required

(x, y) is found and suitable printed circuit is
synthesized.

Experiment & Results

• Obtain far-field pattern from near-field scan.
• Two open-ended waveguides as feeds, WR137 and

WR112 to cover 5 to 10GHz.

Reflectarray
Ground Plane

WG Feed
Scan Probe

k
reflected

z0

y0

x0

Elev.

Az.

• Inset shows fabricated unit cells.
• Simulated signal fidelity (correlation) 0.98.

49 49.5 50 50.5 51 51.5 52 52.5 53

−1

−0.75

−0.5

−0.25

0

0.25

0.5

0.75

1

Time [ns]

[a
.u

.]

Radiated Signal
Input Signal

Measured Gain

−50−40−30−20−10 0 10 20 30 40 50−5
0
5

10
15
20
25

Azimuth [deg]

G
ai

n 
[d

Bi
]

5 GHz, Feed = WR137sim. maxCrossPolGain w/ loss = −10.9755 dBi

−50−40−30−20−10 0 10 20 30 40 50−5
0
5

10
15
20
25

Elevation [deg]

G
ai

n 
[d

Bi
]

5 GHz, Feed = WR137, sim. maxCrossPolGain w/ loss = −28.8373 dBi

−50−40−30−20−10 0 10 20 30 40 50−5
0
5

10
15
20
25

Azimuth [deg]

G
ai

n 
[d

Bi
]

6 GHz, Feed = WR137sim. maxCrossPolGain w/ loss = −10.2517 dBi

−50−40−30−20−10 0 10 20 30 40 50−5
0
5

10
15
20
25

Elevation [deg]

G
ai

n 
[d

Bi
]

6 GHz, Feed = WR137, sim. maxCrossPolGain w/ loss = −29.0016 dBi

−50−40−30−20−10 0 10 20 30 40 50−5
0
5

10
15
20
25

Azimuth [deg]

G
ai

n 
[d

Bi
]

7 GHz, Feed = WR137sim. maxCrossPolGain w/ loss = −11.6003 dBi

−50−40−30−20−10 0 10 20 30 40 50−5
0
5

10
15
20
25

Elevation [deg]

G
ai

n 
[d

Bi
]

7 GHz, Feed = WR137, sim. maxCrossPolGain w/ loss = −32.4931 dBi

−50−40−30−20−10 0 10 20 30 40 50−5
0
5

10
15
20
25

Azimuth [deg]

G
ai

n 
[d

Bi
]

8 GHz, Feed = WR137sim. maxCrossPolGain w/ loss = −14.284 dBi

−50−40−30−20−10 0 10 20 30 40 50−5
0
5

10
15
20
25

Elevation [deg]

G
ai

n 
[d

Bi
]

8 GHz, Feed = WR137, sim. maxCrossPolGain w/ loss = −11.6615 dBi

−50−40−30−20−10 0 10 20 30 40 50−5
0
5

10
15
20
25

Azimuth [deg]

G
ai

n 
[d

Bi
]

9 GHz, Feed = WR90sim. maxCrossPolGain w/ loss = −15.0091 dBi

−50−40−30−20−10 0 10 20 30 40 50−5
0
5

10
15
20
25

Elevation [deg]

G
ai

n 
[d

Bi
]

9 GHz, Feed = WR90, sim. maxCrossPolGain w/ loss = −37.5733 dBi

−50−40−30−20−10 0 10 20 30 40 50−5
0
5

10
15
20
25

Azimuth [deg]

G
ai

n 
[d

Bi
]

10 GHz, Feed = WR90sim. maxCrossPolGain w/ loss = −12.5249 dBi

−50−40−30−20−10 0 10 20 30 40 50−5
0
5

10
15
20
25

Elevation [deg]

G
ai

n 
[d

Bi
]

10 GHz, Feed = WR90, sim. maxCrossPolGain w/ loss = −30.0006 dBi

[GHz]

5

6

7

8

9

10

G
ai

n
[d

B
i]

G
ai

n
[d

B
i]

G
ai

n
[d

B
i]

G
ai

n
[d

B
i]

G
ai

n
[d

B
i]

G
ai

n
[d

B
i]

Az cut El cut

5 6 7 8 9 1022

24

26

28

30

Frequency [GHz]

D
ire

ct
iv

ity
 [d

Bi
]

Measured and Simulated Directivities

5 6 7 8 9 1015

17

19

21

23

25

Frequency [GHz]

G
ai

n 
[d

Bi
]

Directivity Gain

−50−40−30−20−10 0 10 20 30 40 50−5
0
5

10
15
20
25

Elevation [deg]

G
ai

n 
[d

Bi
]

5 GHz, Feed = WR137, sim. maxCrossPolGain w/ loss = −28.8373 dBi

 

 

Meas.
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• Efficiency and cross polarization ratio at broadside.

Freq. [GHz] 5 6 7 8 9 10

✏s 0.225 0.297 0.277 0.258 0.321 0.293
✏c 0.740 0.731 0.731 0.701 0.646 0.615
XPR [dB] 29.79 36.04 35.37 45.54 45.84 36.80

Conclusion

• A novel framework is developed to design UWB re-
flectarrays using an impedance surface based on
Bessel filters.

• No significant beam-squinting is observed. The re-
flectarray has a good beam quality over from 5 to
10GHz and an excellent signal fidelity of 0.98.
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Introduction

Motivation

• Reflectarray are thin and lightweight compared to
their mechanical counterparts. They can be made
electronically tunable to provide beam-steering and
beamforming capabilities.

• One major drawback: limited bandwidth.

• Solutions: multiple layers of scatterers, FSS/sub-
wavelength elements, impedance/admittance sur-
face, true-time-delay, transformation optics.

Requirements for Large Bandwidth

• Question: What is required to have an unlimited
bandwidth?

• From reflection phase perspective, phase of �
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is linear with required delay distance d.
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• From an impedance (better) perspective: z
required

is
a transcendental function of ! and d.

• Hence, any surface impedance that is modeled as
a finite LC network must be inherently band limited.

Goals

• Develop a framework to design an UWB reflectarray
with a maximum bandwidth.

• Based on the framework, design and fabricate a re-
flectarray to achieve the maximized bandwidth.

• Measure the antenna characteristics of the fabri-
cated reflectarray.

Theory

Bessel Filter

• Consider a 4

th order Bessel filter

H(s) =
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• Let z
in

= PM(s)/QN(s) for lossless passive LC net-
work, then either 1) PM(s) is an even polynomial and
QN(s) is an odd polynomial or 2) vise versa.

• Position of poles/zeros of �(s) is always mirror-
imaged about j!-axis, making numerator and de-
nominator always have the same group delay.
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• A discretized impedance surface is created. Each
impedance cell realizes a delay by realizing the
lumped circuit model using printed circuits:
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• Offset reflector in the E-plane.
• Dominant TM polarization state.
• Distance compensation profile determined by ray-

tracing.
• z

required

(x, y) is found and suitable printed circuit is
synthesized.

Experiment & Results

• Obtain far-field pattern from near-field scan.
• Two open-ended waveguides as feeds, WR137 and

WR112 to cover 5 to 10GHz.
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• Inset shows fabricated unit cells.
• Simulated signal fidelity (correlation) 0.98.
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• Efficiency and cross polarization ratio at broadside.

Freq. [GHz] 5 6 7 8 9 10

✏s 0.225 0.297 0.277 0.258 0.321 0.293
✏c 0.740 0.731 0.731 0.701 0.646 0.615
XPR [dB] 29.79 36.04 35.37 45.54 45.84 36.80

Conclusion

• A novel framework is developed to design UWB re-
flectarrays using an impedance surface based on
Bessel filters.

• No significant beam-squinting is observed. The re-
flectarray has a good beam quality over from 5 to
10GHz and an excellent signal fidelity of 0.98.
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Introduction

Motivation

• Reflectarray are thin and lightweight compared to
their mechanical counterparts. They can be made
electronically tunable to provide beam-steering and
beamforming capabilities.

• One major drawback: limited bandwidth.

• Solutions: multiple layers of scatterers, FSS/sub-
wavelength elements, impedance/admittance sur-
face, true-time-delay, transformation optics.

Requirements for Large Bandwidth

• Question: What is required to have an unlimited
bandwidth?

• From reflection phase perspective, phase of �
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is linear with required delay distance d.
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• From an impedance (better) perspective: z
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is
a transcendental function of ! and d.

• Hence, any surface impedance that is modeled as
a finite LC network must be inherently band limited.

Goals

• Develop a framework to design an UWB reflectarray
with a maximum bandwidth.

• Based on the framework, design and fabricate a re-
flectarray to achieve the maximized bandwidth.

• Measure the antenna characteristics of the fabri-
cated reflectarray.

Theory

Bessel Filter

• Consider a 4

th order Bessel filter

H(s) =
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• Let z
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= PM(s)/QN(s) for lossless passive LC net-
work, then either 1) PM(s) is an even polynomial and
QN(s) is an odd polynomial or 2) vise versa.

• Position of poles/zeros of �(s) is always mirror-
imaged about j!-axis, making numerator and de-
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• Offset reflector in the E-plane.
• Dominant TM polarization state.
• Distance compensation profile determined by ray-

tracing.
• z

required

(x, y) is found and suitable printed circuit is
synthesized.

Experiment & Results

• Obtain far-field pattern from near-field scan.
• Two open-ended waveguides as feeds, WR137 and

WR112 to cover 5 to 10GHz.
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• Inset shows fabricated unit cells.
• Simulated signal fidelity (correlation) 0.98.
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8 GHz, Feed = WR137, sim. maxCrossPolGain w/ loss = −11.6615 dBi
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9 GHz, Feed = WR90, sim. maxCrossPolGain w/ loss = −37.5733 dBi
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10 GHz, Feed = WR90sim. maxCrossPolGain w/ loss = −12.5249 dBi
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10 GHz, Feed = WR90, sim. maxCrossPolGain w/ loss = −30.0006 dBi
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5 GHz, Feed = WR137, sim. maxCrossPolGain w/ loss = −28.8373 dBi

 

 

Meas.
Sim. No Loss
Sim. With Loss

• Efficiency and cross polarization ratio at broadside.

Freq. [GHz] 5 6 7 8 9 10

✏s 0.225 0.297 0.277 0.258 0.321 0.293
✏c 0.740 0.731 0.731 0.701 0.646 0.615
XPR [dB] 29.79 36.04 35.37 45.54 45.84 36.80

Conclusion

• A novel framework is developed to design UWB re-
flectarrays using an impedance surface based on
Bessel filters.

• No significant beam-squinting is observed. The re-
flectarray has a good beam quality over from 5 to
10GHz and an excellent signal fidelity of 0.98.



Conclusions	  

•  Julien	  was	  a	  prolific	  researcher,	  
compassionate	  teacher,	  and	  honest	  friend	  
that	  was	  taken	  from	  us	  far	  too	  soon	  

•  His	  legacy	  will	  be	  felt	  for	  years	  through	  his	  
contribuTons	  in	  reflectarrays,	  reconfigurable	  
antennas,	  and	  electromagneTc	  surfaces	  

•  Julien	  helped	  to	  pioneer	  a	  field	  that	  conTnues	  
to	  expand	  and	  find	  new	  applicaTons	  each	  year	  
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THANK	  YOU,	  JULIEN	  

We	  never	  said	  farewell,	  nor	  even	  looked	  	  
Our	  last	  upon	  each	  other,	  for	  no	  sign	  	  
Was	  made	  when	  we	  the	  linkèd	  chain	  unhooked	  	  
And	  broke	  the	  level	  line.	  
	  	  
	  
And	  here	  we	  dwell	  together,	  side	  by	  side,	  	  
Our	  places	  fixed	  for	  life	  upon	  the	  chart.	  
	  	  
Two	  islands	  that	  the	  roaring	  seas	  divide	  	  
Are	  not	  more	  far	  apart.	  

Robert	  Louis	  Stevenson	  



Enabling	  Technologies	  for	  
Reflectarrays	  and	  Array	  Lenses	  

Type	   Technology	  
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Lumped	  
components	  

PIN	  diodes	   +	   -‐	   D	   +	   -‐/-‐	   -‐	   0	   +	  

Varactor	  diodes	   +	   -‐	   A	   +	   -‐/-‐	   +	   -‐	   +	  

RF	  MEMS	   -‐	   +	   D*	   +	   +/0	   +	   +	   0	  

Hybrid	   Ferro-‐electric	  thin	  
film	  

0	   +	   A	   0	   0/-‐	   +	   0	   +	  

Tunable	  
materials	  

Liquid	  crystal	   0	   0	   A	   0	   -‐/+	   0	   0	   -‐	  

Graphene	   -‐	   +	   A	   0	   -‐/+	   +	   -‐	   +	  

Photo-‐conducTve	   0	   -‐	   A	   0	   -‐/-‐	   -‐	   -‐	   +	  

Mechanical	  
Microfluidic	   0	   -‐	   A	   0	   0/+	   +	   0	   -‐	  

Micromotors	   -‐	   0	   A	   -‐	   +	   0	   +	   -‐	  
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IntroducTon	  



Enabling	  Technologies	  for	  
Reflectarrays	  and	  Array	  Lenses	  

•  Many	  research	  groups	  
(including	  Julien’s)	  
explore	  technologies	  in	  
two	  areas	  

•  Lumped	  tuning:	  
–  Semiconductors	  
– MEMS	  

•  Distributed	  tuning:	  
–  Liquid	  crystals	  
–  Graphene	  (unique	  to	  
Julien)	  
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S.	  V.	  Hum,	  G.	  McFeetors,	  and	  M.	  Okoniewski,	  
“Integrated	  MEMS	  reflectarray	  elements,”	  in	  Proc.	  
EuCAP	  2006.	  ESA	  SP-‐626,	  Nov.	  2006.	  
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Reconfigurable Reflectarrays and Array Lenses for
Dynamic Antenna Beam Control: A Review
Sean Victor Hum, Senior Member, IEEE, and Julien Perruisseau-Carrier, Senior Member, IEEE

Invited Paper

Abstract—Advances in reflectarrays and array lenses with elec-
tronic beam-forming capabilities are enabling a host of new pos-
sibilities for these high-performance, low-cost antenna architec-
tures. This paper reviews enabling technologies and topologies of
reconfigurable reflectarray and array lens designs, and surveys
a range of experimental implementations and achievements that
have been made in this area in recent years. The paper describes
the fundamental design approaches employed in realizing reconfig-
urable designs, and explores advanced capabilities of these nascent
architectures, such as multi-band operation, polarization manipu-
lation, frequency agility, and amplification. Finally, the paper con-
cludes by discussing future challenges and possibilities for these
antennas.

Index Terms—Antenna arrays, array lenses, beam steering, lens
antennas, micro-electro-mechanical systems (MEMS), microstrip
arrays, reconfigurable antennas, reflectarrays, reflector antennas,
semiconductor diodes, transmitarrays, varactors.

I. INTRODUCTION

T HE NEED for low-cost, reconfigurable antenna
beam-forming is widespread in many existing and

next-generation wireless and sensing systems. High-gain
pencil-beam or multi-beam synthesis is paramount to many
systems including satellite communications, point-to-point
terrestrial links, deep-space communication links, and radars.
Traditional aperture antennas such as reflectors and lenses
provide a relatively low-cost and straightforward solution for
achieving high antenna gain. Their downside is that adaptive
beam-steering is only possible through the use of mechanical
scanning, and adaptive beam-shaping is also similarly elusive
unless more sophisticated feeding systems are considered.
On the other hand, phased antenna arrays provide electronic
flexibility in exciting the elements, allowing for reconfiguration
and scanning of the beam pattern in real time. The disadvantage
of phased arrays, however, is their large hardware footprint,
as each array element (or sub-array as the case may be) needs
to be connected to a dedicated transceiver module leading to
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October 06, 2013. Date of publication October 25, 2013; date of current version
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very high implementation cost. Phased arrays also diminish
in efficiency at millimeter-wave frequencies due to the use of
transmission-line feeding networks which become increasingly
lossy at high frequencies.
Reflectarrays and array lenses are interesting hybrids be-

tween aperture antennas and antenna arrays. They have been
studied extensively in the past 20 years due to their attractive
qualities, namely their low-profile nature, ease of manufac-
turing, low weight, good efficiency, and overall promise as
high-gain antenna alternatives. Recently, researchers have
become interested in electronically tunable versions of reflec-
tarrays and array lenses to realize reconfigurable beam-forming.
By making the scatterers in the aperture electronically tunable
through the introduction of discrete elements such as varactor
diodes, PIN diode switches, ferro-electric devices, and MEMS
switches within the scatterer, the surface as a whole can be
electronically shaped to adaptively synthesize a large range
of antenna patterns. At high frequencies, tunable electromag-
netic materials such as ferro-electric films, liquid crystals, and
even new materials such as graphene can be used as part of
the construction of the reflectarray elements to achieve the
same effect. This has enabled reflectarrays and array lenses
to become powerful beam-forming platforms in recent years
that combine the best features of aperture antennas and phased
arrays. They offer the simplicity and high-gain associated
with their reflector/lens counterparts, while at the same time
providing fast, adaptive beam-forming capabilities of phased
arrays. They are also highly efficient, since there is no need for
transmission line feed networks as in the case of phased arrays.
This generally results in lower cost than a phased array since
the number of transceivers is greatly reduced.
This paper reviews the development of reconfigurable reflec-

tarray (RRA) and reconfigurable array lens (RAL) technology.
While extensive and impressive advances in reflectarray and
array lens technology have been made over the past 50 years,
this paper focuses on key experimental achievements that have
been made in the area of reconfigurable variations of these ar-
chitectures, which have been primarily made in the past decade
or so. Hence, its purpose is not to provide a review of the ar-
chitectures specifically, but focus more on the mechanisms and
innovation by which the architectures can be realized in recon-
figurable form.
This paper is organized as follows. It begins by discussing

the basic operation of reflectarrays and array lenses and re-
viewing advances in the underlying architectures in Section II.
Then, the paper introduces the underlying technologies for

0018-926X © 2013 IEEE

22	  July	  2015	   In	  Memoriam:	  Julien	  Perruisseau-‐Carrier	   35	  

Conclusion	  



ElectromagneTc	  Surfaces	  and	  
Reconfigurability	  

•  EM	  surfaces	  have	  evolved	  from	  macroscopic	  level	  (arrays)	  to	  
microscopic	  level	  (metasurfaces),	  yielding	  a	  host	  of	  funcTons	  

•  Reconfigurability	  of	  these	  surfaces	  enables	  new	  possibiliTes,	  
ranging	  from	  beam-‐steering	  to	  frequency	  agility	  
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Reflectarrays	  
and	  

transmitarrays	  

Frequency	  
selecTve	  
surfaces	  

Impedance	  
surfaces	   Meta-‐surfaces	  


