Using Arra y Signal Pro cessing to Impro v e Rural Area

Co v erage in F uture P ersonal Satellite Comm unications Services

Steven D. Blostein

1

and Joubin Karimi

Department of Electrical and Computer Engineering

Queen’s University ,

Kingston, Ontario K7L 3N6

CANADA

T el: (613) 533-6561

F ax: (613) 533-6615

E-mail: sdb@ee.queensu.ca

1

Reference Author

Abstract

W e address wide-area coverage for hand-held p ortables using an on-b oard signal pro cessing satellite in

geostationary (GEO) orbit at minimum payload cost. A GEO link, b eing p ower-limited, di�ers from

terrestrial mobile communications systems that use direct radiating antennas by requiring a fo cal-fed

parab olic re ector, which acts as a �xed analog b eamformer. W e prop ose to cascade a high-gain parab olic

re ector and a digital maximum signal-to-interference-plus-noise ratio (SINR) multi-b eamformer for spatial

multi-user interference suppression to achieve coverage extension. This involves on-b oard antenna array

signal pro cessing of multiple feeds. It is shown that nearly uniform coverage of an area the size of Canada

can b e provided using only �ve parb olic re ector ap ertures. Compared to conventional fo cussed multib eam

system, link margins are typically increased from a minimum requirement of 5.25 dB to 7.5 dB in b order

areas. The more uniform coverage reduces dynamic p ower control requirements.

1 In tro duction

Narrow-band adaptive antenna arrays have b een shown to p otentially increase capacity of terrestrial mobile

communications systems employing co de division multiple access (CDMA) [1]. In this letter, we apply

multi-b eam adaptive array pro cessing to parab olic re ector antenna feeds to improve coverage in mobile

satellite communications employing hand-held p ortable terminals. Although GEO-orbit satellites are able

to carry a large signal pro cessing payload, their large 40,000 km orbital radius requires sophisticated link

design [2]. F or example, in [3] North American continental coverage is achieved with a single GEO

satellite employing 4-6 spatially isolated b eams formed from ap ertures lo cated in the fe e d plane of a

parab olic re ector antenna. Unfortunately

, allo cating spatially non-overlapping b eams results in non-

uniform coverage, which makes it di�cult to supp ort hand-held terminals.

Coverage can b e improved by adding more feed elements to the parab olic re ector. However, the

increase in the numb er of up/down converters signi�cantly increases the satellite payload and antenna

complexity . W e consider only the uplink (handset-to-satellite) since system p erformance is limited by

low-p ower hand-held mobile transmitters that must reach a GEO-orbit satellite.

In the following, we show that coverage can b e improved over conventional isolated-b eam systems by

intro ducing adaptive signal array pro cessing to a parab olic multi-feed re ector antenna. Unlike terrestrial

systems, the environment here is noise-limited, which precludes the use of simple antennas; in addition to

interference suppression capability

, plane wave fo cusing is required for su�cient signal gain. W e calculate

the received complex electromagnetic signal received from the feed plane of the parab olic re ector antenna.

As in [1], CDMA with PN-co de �ltering is used to estimate each mobile’s array resp onse. However, the

approach to b eamforming is extended from [1] to the case where (1) the link is noise-limited and (2)

users are not p ower controlled prior to b eamforming. Rather than capacity enhancement that has b een

investigated elsewhere, b eamforming is applied to the problem of obtaining maximum wide-area coverage.

2

This research has b een supp orted by a Grant from the Canadian Institute for T elecommunication Research under the

NCE program of the Government of Canada.

2 Uplink Comm unication Receiv er

2.1 An tenna Design and Beam Co v erage

Unlike terrestrial systems that assume simple antenna elements, a parab olic re ector is used, which is a

distributed ap erture with fo cusing, i.e., analog b eamforming has already o ccurred prior to downconversion

and digitization. Let D

1 b e the re ector diameter, F the fo cal length of the parab oloid. When a feed is

displaced slightly from the re ector fo cus, the e�ective ap erture distribution exp eriences phase v ariation,

which in turn gives rise to a small b eam pattern distortion. The feeds themselves may b e rotationally

symmentric horn or microstrip antennas.

F eed placements and their resp ective complex electric �eld radiation pattern can b e determined us-

ing [4]. As an example, supp ose that coverage of ma jor urban centers in Canada is to b e provided using

�ve sp ot b eams, where the 3 dB b elow maximum gain contours are shown in Figure 1. The numb er of

feeds is limited by the av ailable physical area for the ap ertures near enough to the fo cal p oint to capture

a signi�cant p ortion of the received p ower.

T o take account of the parab olic re ector, we must calculate the received complex electric �eld received

at a feed from a user lo cated on the Earth via [4]

E (�

i

; �

i

) =

Z

1

0

Z

2�

0 sE

f

(s; � ) exp

�

�j

�

�

D

1 s� cos(� � %)

�

dsd� (1)

where �

i

, �

i are the incident angles up on the antenna with the z -axis and x-axis, resp ectively

, % =

arctan v �v

m

u�u

m

, � = p

(u � u

m

)

2

+ (v � v

m

)

2

, u = sin �

i cos �

i and v = sin �

i sin �

i are the xy co ordinates.

The calculation of the e�ective ap erture distribution, E

f

(s; � ), can b e found in [5].

The gain in the direction of maximum radiation, or b eam center, is given by G

max

=

�

4�

�

2

�

A� where

� is the wavelength, A is the ap erture area, and � is the ap erture e�ciency

. Once the electric �eld for a

given feed has b een determined, its gain pattern is

G(�

i

; �

i

) = G

max jE

n

(�

i

; �

i

)j

2

(2)

where E

n is E (�

i

; �

i

) normalized to unity at the b eam center.

2.2 CDMA Bit Stream

In the following, we adopt an up-link bit-stream organization based on [6]: the information bits are

convolutionally enco ded using a rate 1/3 co de of constraint length 9. The data symb ols are then multiplied

by a user-designated long co de (4.9152 Mhz), and the signal is then binary phase-shift keying (BPSK)

mo dulated. The users are assumed to b e transmitting asynchronously

. In our conventional �ve-b eam

arrangement used for comparison purp oses, each feed pro jects one sp ot b eam and supp orts users within

its own 3 dB b eamwidth. The received signal r (t) can b e expressed as

r (t) = p

2P

1 b

1

(t)c

1

(t) +

M

X

i=2 p

2P

i b

i c

i

(t � �

i

)e j �

i

+ n(t) (3)

where M is the numb er of users, and b

i

(t) and c

i

(t) are, resp ectively

, the data symb ol and the long co de

for the i th

user. The time and phase delays for the i th

user are given by �

i and �

i

, resp ectively

. Power received from the i th

user by the feed allo cated to the signal’s coverage area is given by P

i

, and n(t) is

white Gaussian noise with zero mean and a sp ectral density of N

�

.

Without loss of generality , �

1

= �

1

= 0 for user i = 1 if we assume p erfect self-synchronization. Let

T

s denote the data symb ol p erio d. F or simplicity , b

i

(t) and c

i

(t) are rectangular pulses with bit and

chip durations of T

s and T

c

, resp ectively

, where T

s

� T

c

. All user signals are assumed to b e mutually

uncorrelated and uncorrelated with n(t). The long co des have a p erio d of 2

42

� 1 chips [6], with negligible

cross-correlation. The received despread symb ol z

1

(t = T

s

) can b e written as

z

1

(T

s

) = Re

(

1

T

s

Z

T

s

0 p

2P

1 b

1

(t) dt + M AI + N (T

s

)

)

(4)

where the multiple access interference (MAI) and noise are, resp ectively ,

M AI =

1

T

s

M

X

i=2 p

2P

i

Z

T

s

0 b

i

(t � �

i

)c

i

(t � �

i

)c

1

(t)e j �

i

dt (5)

N (T

s

) =

1

T

s

Z

T

s

0 n(t)c

1

(t) dt (6)

The desired signal term in (4) reduces to p

2P

1 b

1

(T

s

) and the signal p ower P

s is given by 2P

1

. Since

the numb er of users is large, we approximate the MAI term in (4) by a Gaussian distribution. The real

part of MAI is zero-mean, since data symb ols and the spreading co des are indep endent of one another and

E (b

i

(t)) = 0. Assuming BPSK mo dulation, mutually indep endent user signals as well as CDMA correlation

results of [7], it can b e shown that the MAI and noise terms can b e simpli�ed to E (RefM AI g

2

) =

2T

c

3T

s

P

M

i=2

P

i

, and E (RefN (T

s

)g

2

) =

1

2T

2

s

R

T

s

0

2N

o c

2

1

(t) dt =

N

o

T

s

The signal-to-interference-noise ratio (SINR)

for this receiver is therefore given by

S I N R =

2P

1

T

s

N

o

+

2(V A )

3W

s

P

M

i=2

P

i

(7)

where W

s

� 1=T

c is the CDMA system bandwidth, and V

A represents the voice activity factor, which is

typically 0.35 to 0.40 [8].

2.3 Satellite Link P erformance Analysis

Determing the SINR requires that the p ower received from all users and feeds b e calculated. The MAI

term can b e approximated by its average v alue according to the following monte-carlo pro cedure: M users

are randomly distributed across the coverage area. With the knowledge of the co ordinates of each user,

(7) is calculated as the sample average of 40 runs, each with a di�erent random seed. The p erformance of

thirty-six representative lo cations for the desired user was chosen for detailed analysis. The total numb er

of users in the system was chosen to b e 625, i.e., 125 users p er b eam to ensure that the minimum required

link margin is maintained for all users within any of the �ve b eams [9]. The received carrier p ower P

1

from the user at feed (n) is P

(n)

1

=

P

u

G

u

G

(n)

L

f s

L

at where P

u and G

u are the transmitted p ower and the antenna

handset gain of the terrestrial user, resp ectively

. The satellite antenna gain for the incident signal, G

(n)

,

is calculated as the n th

comp onent of (2), and L

at is the atmospheric loss. The free space loss is given by

L

f s

= (4� d=�)

2

where d is the distance b etween the user and the satellite. All handsets are assumed to b e equipp ed with stub antennas of 3 dBi gain [2] and transmitting at 600 mW. The receiver noise sp ectral

density N

� is given by N

�

= K T

i

(W =Hz) where K is the Boltzman constant, and T

i is the on-b oard

satellite with noise temp erature 500

�

K.

The receivers implement soft-decision Viterbi deco ding for a rate 1/3 co de of constraint length 9. In

a white Gaussian noise channel, to ensure a maximum probability of error of 10

�3

, a minimum received

E

b

= N

� of 2.1 dB for a coherent receiver is required [10]. This translates to a minimum required SINR at

the receiver of 0.34 dB, where the 2/3 factor in the denominator of (7) is taken into account. Through

detailed analysis and simulation of the receiver, it can b e shown that the extra loss in SINR due to a Rician

fading channel with K=10 dB is 1.60 dB. Allowing an extra safety margin of at least 3.3 dB, the overall

minimum required SINR at the receiver b ecomes 5.25 dB, which shows that for a maximum of 625 active

users in the coverage area (roughly 125 users p er b eam), all users within any of the �ve b eams will have

an SINR equal or ab ove this minimum requirement. If the numb er of active users exceeds 625, some users

on the b eam b orders will have to op erate at a SINR b elow 5.25 dB.

3 Satellite Beamforming

In contrast to simple antennas, the phase induced by an incident signal on the feed of a parab olic re ector

antenna do es not corresp ond to direction of arriv al. At the feed placement corresp onding to the antenna

fo cal p oint, the satellite receives a real-v alued electric �eld. At other feed lo cations, a complex-v alued

electric �eld is received. Due to GEO satellite geometry

, the imaginary part of the signal is much smaller

than the real part but increases away from the fo cus. Improvement in discrimination based on complex

array resp onse is therefore o�set by a loss in p eak fo cusing gain, a phenomenon that has no counterpart

in the case of simple antennas.

In the b eamforming receiver, we incorp orate all antenna feed inputs into an L-element signal vector,

which can b e written as:

x(t) =

M

X

i=1 p

2P

i c

i

(t � �

i

)b

i

(t � �

i

)e j �

i

A

i

+ n

v

(t) (8)

where p

P

i

= q

P

(1)

i

+ P

(2)

i

+ ::: + P

(L)

i is the p ower received from the i-th user and A

i

= ( q

P

(1)

i

A

(1)

i

p

P

i

;

q

P

(2)

i

A

(2)

i

p

P

i

;:::;

q

P

(L)

i

A

(L)

i

p

P

i

)

T

is the L � 1 complex unit arr ay r esp onse ve ctor. The thermal noise is expressed

by vector n

v

(t) with cov ariance matrix E (n

v

(t)n y

v

(t)) = 2N

o

I

L

, where N

o is the noise sp ectral density , I

L

is the L � L identity matrix, and y refers to conjugate-transp ose. The received signal notation is now in a

format that corresp onds to that of more studied terrestrial antenna arrays. F or this vector case, the SINR

expression (7) generalizes to

S I N R =

2P

1

T

s jw y

1

A

1 j

2

(w y

1 w

1

)N

o

+

2(V A )

3W

s

P

M

i=2

P

i jw y

1

A

i j

2

(9)

3.1 Determination and Estimation of Optim um W eigh ts

The input vector to reference user no. 1’s b eamforming network v

1

= (v

11

; v

12

; :::; v

1L

)

T

is given by

v

1

= p

2P

1 b

1

(T

s

)A

1

+

M

X

i=2

1

T

s

Z

T

s

0 p

2P

i b

i

(t � �

i

)c

i

(t � �

i

)c

1

(t)e

�j �

i

A

i dt +

1

T

s

Z

T

s

0 n

v

(t)c

1

(t)dt (10)

= m

1

A

1

+ (N I )

1

where m

1

= p

2P

1 b

1

(T

s

), A

1 is user no. 1’s array resp onse vector and (N I )

1 represents the MAI and

thermal noise terms. The MAI can b e approximated by a multiv ariate Gaussian distribution with zero

mean and cov ariance matrix R

N I

, the b eamformer output can b e written as y

1

= w y

1 m

1

A

1

+ w y

1

(N I )

1 and

the SINR is given by

S I N R =

E jw y

1 m

1

A

1 j

2

E jw y

1

(N I )

1 j

2

(11)

It is well-known that (11) is maximized for w

1

= (R

N I

)

�1

A

1

. T o estimate A

1 and (N I )

1

, we mo dify the

metho d of [11] to account for the lack of p ower control, and to account for the fact that the received p ower

at each feed from each user is di�erent. In our case, the pre-despreading cov ariance matrix R

xx

, assuming

statistically indep endent data symb ols, PN chips and noise samples is

R

xx

= 2(P

1

A

1

A y

1

+

M

X

i=2

P

i

A

i

A y

i

+ N

o

I

L

) (12)

where I

L represents an L by L identity matrix. W e remark that (12) di�ers from [11] Eq.(7), mainly due

to the presence of the unknown constants P

1

; P

2

; : : : P

M

, which a�ect the estimation of the MAI cov ariance

matrix.

It can b e shown that the p ost-despreading cov ariance matrix R

v

1 v

1

, for desired user no. 1 can b e

reduced to

R

v

1 v

1

= 2(P

1

A

1

A y

1

+

2T

c

3T

s

M

X

i=2

P

i

A

i

A y

i

+

1

T

s

I

L

N

o

) (13)

Assuming su�cient data to obtain accurate cov ariance estimates

^

R

xx and

^

R

v

1 v

1

, of R

xx and R

v

1 v

1

, resp ec-

tively

, (12) and (13) can b e combined into a matrix H to eliminate the MAI:

H � T

s

^

R

v

1 v

1

�

2

3

T

c

^

R

xx

= 2P

1

A

1

A y

1

(T

s

�

2

3

T

c

) + 2N

o

(1 �

2

3

T

c

)I

L

(14)

The right-hand side of Eq. (14) is of the form of a rank-one matrix in additive white noise, and A

1 can

b e estimated as the largest eigenv alue eigenvector. T o maximize (11) the matrix R

N I must b e known.

F rom Eq. (13), R

N I

= R

v

1 v

1

� 2P

1

A

1

A y

1

Since R

v

1 v

1 and A

1 can b e estimated, the only unknown term is

P

1

. If an accurate estimate for N

o were av ailable, P

1 can b e solved for using Eq. (14). However, a prior

estimate for N

o is not necessary: the estimate H in Eq. (14) is of the form H = K A

1

A

1 y

+ � I

L where �

and K are unknown constants, and we need to estimate K A

1

A

1 y

. Performing an eigen-decomp osition on

H , H = V �

H

V y

where �

H is a diagonal matrix with eigenv alues arranged in decreasing order, i.e.,

�

H

= diag(�

H 1

; �

H 2

; : : : ; �

H L

) = diag(K ; 0; : : : ; 0) + diag(� ; � ; : : : ; � )

If we form the estimate

^

K = �

H 1

�

P

L

i=2

�

H i

L � 1

(15)

then from Eqs. (14) and (15) R

N I can b e calculated as

R

N I

= R

v

1 v

1

�

^

K

T

s

�

2

3

T

c

A

1

A

1 y

(16)

In the ab ove we have averaged the L � 1 noise subspace eigenv alues of H to form our noise estimate.

W e note that it is not necessary to calculate all L eigenv alues p er user. The noise subspace can b e de ated

to one dimension as prop osed in [12].

3.2 Sub-optim um Receiv er

As an alternative to the maximum SINR solution, w

1 can b e instead set equal to A

1

. In this case, from (9)

the SINR b ecomes

S I N R =

2P

1

T

s

N

o

+

2(V A)

3W

s

P

M

i=2

P

i jA y

1

A

i j

2

(17)

since jA y

1

A

1 j = 1. This sub-optimum b eamforming receiver minimizes the thermal noise term in (9), and

will nonetheless reduce the MAI and increase the received desired signal p ower. This corresp onds to the

optimum b eamformer if p erfect p ower control is assumed and users are uniformly distributed around the

coverage area.

4 Results

Due to higher p opulation density concentrated in suburban areas, we compared a spatially-uniform user

distribution with a non-uniform user distribution where 2=3 of the users were assumed to b e concentrated

in eight selected ma jor suburban areas. The rest were uniformly distributed in the coverage area. T o

determine the SINR, the received complex electric �eld is calculated from all users to all �ve feeds using

(1) and (2). Performance averaged over the selected typ es of user lo cations are summarized in T ables 1 and

2, while the thirty-six individual link analyses are presented in [9]. Note that optimum b eamforming has

pro duced a sizable improvement in the received SINR even despite the parab olic re ector’s b eam fo cusing.

In contrast, in the conventional isolated system, users lo cated near or outside the 3 dB b eam edge do not

meet the required 5.25 dB link SINR. Overall, the improvement v aried from 1 dB to 2.4 dB. Typically

, the

loss in SINR for the sub optimum versus the optimum receiver was small, ranging from 0.1 to 0.5 dB. It is

also noteworthy that more uniform coverage across the entire wide area is obtainable using b eamforming.

F rom T able 1 it can b e seen that the average uplink SINR v ariation among the three user lo cation classes

by adding b eamforming is reduced signi�cantly from 3.6 to 1.8 dB

In conclusion, an array signal pro cessing system for enhanced p ersonal satellite communications em-

ploying parab olic antenna b eamforming has b een presented. The improved p erformance resulted in a

reduction of required transmitted terminal p ower by as much as 2.5 dB, or 55%, in areas of p o or coverage.

This enables hand-held terminals to communicate at practical p ower levels of 600 mW throughout the entire coverage area. This approach also has b een extended to future Ka-band systems [13]. In this case,

the p otential satellite payload reduction could b e larger due to the smaller b eam size.

Average SINR (dB)

User Typ e No Beamforming Optimum BF Sub optimum BF

Inside 3dB contour Mean (Std. Dev.) 8.07 (0.51) 8.37 (0.41) 8.00 (0.46)

On b eam edge Mean (Std. Dev.) 6.02 (0.54) 7.31 (0.82) 7.03 (0.87)

Outside 3dB contour Mean (Std. Dev.) 4.43 (0.25) 6.50 (0.85) 6.26 (0.80)

T able 1: Average SINR comparison for the case of uniformly distributed users.

Average SINR (dB)

User Typ e No Beamforming Optimum BF Sub optimum BF

Inside 3dB contour Mean (Std. Dev.) 7.97 (0.57) 8.34 (0.56) 7.90 (0.54)

On b eam edge Mean (Std. Dev.) 5.88 (0.63) 7.13 (1.03) 6.82 (1.03)

Outside 3dB contour Mean (Std. Dev.) 4.37 (0.75) 6.43 (1.50) 6.16 (1.33)

T able 2: Average SINR comparison for the case of 2/3 suburban-concentrated users.

References

[1] A. F. Naguib, A. Paulra j, and T. Kailath. \Capacity improvement with base-station antenna arrays

in cellular CDMA". IEEE T r ans. V eh. T e ch., V ol. 43, No. 3, pp. 691{698, 1994.

[2] R.J. F ang. \Personal handheld communications via hybrid Ka- and L/S-band satellites". In 1992 Int.

Deutshc e F orschungsatalt Sem., 1992. COMSA

T Lab oratories.

[3] R. Belanger, N. T aylor, E. Bertenyi, and C. Kittiver. MSA

T Communic ation Paylo ad System Overview.

American Institute of Aeronautics and Astronautics, 1993.

[4] V. Galindo-Israel, S.W. Lee, and R. Mittra. \Synthesis of a laterally displaced cluster feed for a

re ector antenna with application on multiple b eams and contoured patterns". IEEE T r ans. Ant.

Pr op., V ol. 26, No. 2, pp. 220{228, 1978.

[5] S.W. Lee and Y. Rahmat-Samii. \Simple formulas for designing an o�set multib eam parab olic re ec-

tor". IEEE T r ans. Ant. Pr op., V ol. 29, No. 3, pp. 472{478, 1981.

[6] Qualcomm Inc. Mobile station-base compatibility std. for dual-mo de wideband spread sys., 1993.

[7] G.L. T urin. \The e�ects of multipath and fading on the p erformance of direct-sequence CDMA

systems". IEEE J. Sel. Ar e as in Comm., V ol. 2, No. 4, pp. 597{603, 1984.

[8] K.S. Gilhousen, I.M. Jacobs, R.Padov ani, A.J. Viterbi, Jr. L.A. W eaver, and C.E. Wheatley I I I. \On

the capacity of a cellular CDMA system". IEEE T r ans. V eh. T e ch., V ol. 40, No. 2, pp. 303{312, 1991.

[9] J. Karimi and S.D. Blostein. \Parab olic re ector array signal pro cessing for improved rural area

coverage in p ersonal satellite communications". In Pr o c. ICUPC’96, pp. 453{457, 1996.

[10] J. A. Heller and I. M. Jacobs. \Viterbi deco ding for satellite and space communications". IEEE T r ans.

Comm., V ol. 19, No. 5, pp. 835{848, 1971.

[11] A.F. Naguib and A. Paulra j. \Performance of CDMA cellular networks with base-station antenna

arrays". In 1994 Int. Zurich Sem. on Digital Communic ations, pp. 87{100, 1994.

[12] R. D. DeGroat. \Noniterative subspace tracking". IEEE T r ans. SP, V ol. 40, No. 3, pp. 571{577, 1992.

[13] P

. Lusina. Ka-broadband satellite communication using cyclostationary parab olic b eamforming. Mas-

ter’s thesis, Queen’s University

, 1997.

Figure 1: Beam F o otprints on the Coverage Area

-150 -140 -130 -120 -110 -100 -90 -80 -70 -60 -50 35

40

45

50

55

60

65

Longitude (deg.)

Latitude (deg.)

21

22

23

2 24

25 32

3 26

33

27

28 29

4

5

6 7

8

9

10

18

19

11

12

34 35

20 13

14

30 15 31 16 17

1

Figure 2: cations for the Desired User in the Coverage Area

List of Figure Captions

Figure 1. Beam Fotprints on the Coverage Area.

Figure 2. cations for the Desired User in the Coverage Area.

Table 1. Average SINR comparison for the case of uniformly distributed users.

Table 2. Average SINR comparison for the case of 2/3 suburban-concentrated users.

Steven D. Blostein received his B.S. degree in Electrical Engineering from Cornell University, Ithaca,

NY, in 1983, and the M.S. and Ph.D. degrees in Electrical and Computer Engineering from the University of Illinois, Urbana-Champaign, in 1985 and 1988, ectively. He has een on the Faculty at Queen’s

University since 1988 and currently holds the osition of ciate Professor in the Department of Electrical and Computer Engineering. He has een a consultant to oth industry and government in the areas of cument image compression, motion estimation, and target tracking, and was a Visiting ciate

Professor in the department of Electrical Engineering at McGill University in 1995. His current interests lie in statistical signal cessing, wireless communications and video image communications. He currently leads the Multirate Wireless Data Access Ma jor Pro ject onsored by the Canadian Institute for Telecommunications Research and �ve industrial a�liates. He is a Senior Memer of IEEE and is also serving as ciate Editor for IEEE Transactions on Image cessing.

11