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ABSTRACT — —
This paper presents a novel digital MIMO filter bank techriqu ‘ v ->-<
for modern broadband multibeam communcations satellg&esys, Hﬂ >_’_ o L x|
which efficiently exploit available bandwidth by provididifferent v 7]
users with different bandwidths for different types of gms. This X v —»—(
X

necessitates a flexible and dynamic resource reallocatitwere the L
assumed traffic is unsymmetrical, i.e. the number and baittwi

of incoming and outgoing FDM signals are unequal. This paper
details the SISO SBC-FDFMUX filter bank based on criticadigns £
pling Modified DFT (MDFT) filter banks and extends it to critity e[ ] >—>— “u”
sampling symmetrical MIMO MDFT SBC-FDFMUX systems. The X

paper concludes with simulation results showing the padkiof
this filter bank approach for flexible frequency reallocatio

gl
gctl

1. INTRODUCTION Figure 1: MIMO filter bank system for flexible bandwidth aléec
tion

|><c§v| |><C§‘n|

In this paper we propose a novel digital MIMO filter bank teiciue
to be applied within modern broadband multibeam commuonati
satellite systems [1] which, for an efficient exploitatiohavail- X(z)
able bandwidth, provides different users with differemdsidths o—e
for different types of services. For these satellite sdesawith
flexible and dynamic resource reallocation, the assumdfictia
unsymmetrical, i.e. the number of incoming and outgoing FDM
signals is unequal.

Fig. 1 shows the principle of such an on-board digital MIMO
filter bank, where in the uplink FDM signals are received ahd a
ways channelised to granularity level, i.e. decomposed sab-
signals of identical bandwidth by FDM demultiplexer filteartks
(FDMUX FB). Subsequently, the sub-signals are switchedgera
erally different number of transmit units to establish tresided
downlink, where beforehand appropriate FDM signals aremec
pos?r?](g) )::zrinseczr(ljseo(;‘fF'I__DSVIMﬂ;J(Ith]zXEHHUt;r itr)]ag:zsj (T\ggr)f(o':r?w)s; two Figure 2:K-channel MDFT filter bank (first three channels)
combined taskst) it allows for the (nearly) perfect reconstruction
(IN-]PR) of each decomposed user sigriauigbandCoding, SBC)
and/orii) it recombines independent user sign&BMUX-FMUX
cascadeFDFMUX). Hence, filter banks with these properties are
called SBC-FDFMUX filter banks [2].

Respective tree-structured SISO [2, 3] and MIMO SBC-
FDFMUX filter banks [3] based on the Standard QMF filter design 2. MODIFIED DFT SBC-FDFMUX SISO FILTER BANK
method [4] and with a limited degree of flexibility have beanp
posed and investigated. Furthermore, fully flexible caifigsam- 2.1 Introductory Remarks
pling [5] and oversampling SISO approaches [6], each based o

complex-modulated polyphase filter banks [4], have als kpze- MDFT filter_ banks apply_critical sampli_ng in connection with
sented. structurally imposed aliasing compensation to allow fof]NR [7].

This paper details and extends the SISO SBC-FDFMUX filterPue to their specific aliasing'compensation, MDFT filter kmhéve
bank of [5] based on critically sampling Modified DFT (MDFT) &Wways an even number of filter bank chanrtéland cannot be de-
filter banks [7]. Moreover, these results are generalisediically ~ Si9ned with a frequency offset of the filter bank channel fioms.

sampling symmetrical MIMO MDFT SBC-FDFMUX systems. The Hence, an adjustment has to be foreseen in case of inpuisigna
paper concludes with simulation results showing the pitenf ~ With @ channel offset (e.g. frequency shifts at the input auigut).

X(@)

the number of elementary granules an FDM signal comprises. |
case of critical samplini is identical to the decimation fact®f.

this filter bank approach for flexible frequency reallocatio The considered FDM channel allocation scheme is composed of
Notation: ~ Throughout this paper underlining indicates elementary granules with one channel centrefl atOMHz, each
complex-valued signals and spectra thereof. Furthernvazeyill with bandwidthbg,, and which are allocated equidistantly with a

solely consider FIR N-PR filter banks. The paramétetenotes the band gap ofAcs. Multiples of elementary granules can be merged
number of filter bank channels, which is generally differfeon Q, to form one single channel for wideband signals [5].
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2.2 Critically Sampling Modified DFT SBC Filter Bank

TheK channel filter functionsi (7 ) of the FDMUX (analysis) and
Gk(z) of the FMUX (synthesis) part of an N-PR MDFT filter bank
(cf. Fig. 2) are derived from a real linear phase FIR protetfip
terHp(z) with odd filter lengthN by uniform complex modulation
according to

He(z) = Hp(zW) W™ @)

G(z) = M-Hp(zWe) W™, @
with the channel indek = 0,1,...,K — 1 and the rotational fac-
torWk = e~ i%¥. The overall filter bank decimation (interpolation)

factor isM = K, since critical sampling is applied. Moreover, the
parametersy andng are the initial phases of the complex modu-
lation of the analysis and synthesis filters, respectivélyese two
parameters have integer values, since the filter leHgtlz ) is odd.
The respective channel filter impulse responses are given by

2rk

h(n) = he(m)e <" @)
g = M-hp(n)e * """ @)

An appropriate choice ofiy and ng is necessary to ensure lin-
ear phase filters withymmetricaimpulse responses and the N-PR

property.
2.2.1 Filter Bank Filters with Symmetrical Impulse Resmans

For linear phase filters with symmetrical impulse resportbes
channel filter impulse responses have to comply with

h(n = +h(N-1-n) ®)
G = Fg(N-1-n). (6)
With (3)-(6) we get
N—1 ayK
e e
o~ N1, acK
2 4

respectively, with the initially arbitrary numbeosy, ag € Z.

2.2.2 Filter Bank Filters having the N-PR Property

To ensure the N-PR property, the choiceagf and o is limited.
By imposing the PR property on all filtehg(n) andg, (n), the con-

dition [4]
hy(n)xg, ( hy(v)
Z} Sm kzo Zo
has to be met, wheré(n) is the unit pulsec a constant andy =
N — 1 the delay of the linear phase filter bank. With (3) and (49, th
summation of convolutions (7) leads to

K—1N-1
‘g (n=v)=c-6(n—do) (7)

= o8n-do). (@)

N-1 K1
S hp(v)he(n—v) Z)WK‘"(“‘“H‘“Q
v=0 k=
This condition is met, if the filtes )3 hp(v)hp(n — v) represents
a NyquistK)filter [4]. Furthermore, due to the orthogonality of

K-1 —k(n—ny—ng)
Yk=0"k ne

Ny +ng = do + BK
must be true foiB € Z. With np = dp modulo K=
relationship (9) is simplified to

(©)
((do)k), the

Ny +Ng = Ng. (20)

Hence, we getry = —ag = a with a € Z, leading to
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Figure 3: 2-channel MDFT filter bank

ng akK
ny = —+— 11
H 5T (11)
- ng aK
ng 52 (12)

for both initial phases. Without loss of generality, we get 0
leading tony = ng = np/2.

N-PR filters are obtained by alleviating the requirementtan t
prototype filter, i.e. demandlngv (:)th( v)hp(n—v) to be nearly a
NyquistK)filter [5].

2.2.3 Structural Modification for Alias Compensation

The critically samplingK-channel MDFT SBC filter bank, which
compensates the main aliasing spectra contiguous to tHel use
spectra, is derived from the oversamplikgchannel DFT SBC fil-
ter bank with a decimation factor &1 = M/2 = K/2 by the fol-
lowing modifications [7] (cf. Fig. 2):i) Each subband signal is
decomposed into its two polyphase components, resultiaghivo
step decimation with an overall decimation factorMf ii) Sub-
sequently, solely the imaginary and the real parts of eabband
signal are processed alternatingly, according to Figiii2 Before
reconstruction, the two polyphase components of each sadlsig-
nal are recomposed. In [7] the impact of this modificationsiloas
compensation is described.

In the following, the z-transforms of the complex-valuegdun
signal [7]x(n) = xR (n) + j-x!) (n) and its complex-conjugate are
given byX (z) = X(R)(z) + X()(z) andX (z) = X®)(z) - X (z),
with the z-transforms<®(n) «—— X(R)(z) and j - x)(n)
X(1)(z). The z-transform of the output signal okachannel MDFT
filter bank is given by [7]

z |: Z|W2I Z|W2I )

+<71>kﬂM7k<a AHXEWE )] (3)
This relationship is used in the following to describe th@att of
switching on the MDFT filter banks.

2.2.4 Alias Compensation for & M =2

In the following, we consider the structurally imposed silig com-
pensation folK = M = 2, firstly, in order to illustrate the general
principle of the modification, and as a reference for theofeihg
investigations. The parallel structure of a 2-channel MCHBC
filter bank with its structurally imposed aliasing compéiwa is
depicted in Fig. 3. It should be noted that even though the WIDF
filter bank is now considerably simplified, its principlesicget be
explained herewith.

For the explanation of the structurally imposed aliasingi€o
pensation, the real and imaginary part blocks of Fig. 3 aifeeshin
front of the downsamplers [7]. Hence, the real parts andrttegi-
nary parts multiplied by of the subband signals are given by

EUSIPCO, Poznan 2007



15th European Signal Processing Conference (EUSIPCO 2007), Poznan, Poland, September 3-7, 2007, copyright by EURASIP

Z{Re{x(n)}} >
k()

Z{j-Im{x(n)}} > [X(z)—X(z)] .

Note that forkK = M = 2, hi(n) andgk(n) (with k=0, 1) are real-
valued. Due to the exclusive processing of the real part had t
imaginary part timeg of the respective subband signals, the re-
spective original spectral component representedtby) - X(z)
is overlapped by the respective mirror spectra, wity(z) - X(z)
and—Hg(z)-X(z), showing the potential of aliasing compensation.
The downsampled signals of the upper branch of the filter ban
resultin [4]

1
Ym) = 3 HolaWE) [X(aWE) + X(aW)
| Zi_l_l o
Yo (@) = Lo ZOHo(ZaWZ'“) [X(@W") — X (zWg") g™

wherez, = z|2 Correspondingly, the downsampled signals of the

lower branch are

1 1 _
YO (@) = 2 > HiEW") [X(@W") - X (z W]
m=0
= Zi_l 1 — m
W) = B Y Hiawg) [XEwg) + Xiawg]w”
m=0
Each of the subband signal}® (zo), Y{'(z), Y{(z) and

X(lR) (20) consists of four spectral components, which have in par
the same magnitude, some with the same, some with the oppos
signs. Hence, after upsampling the subband signals andatthe-
tion, as shown in Fig. 3, we get in compliance with (13)

Xo@) = z¥RR)+y)R)
@) = 7YY@ +YP )

where the components with differing signs have cancellezh ea
other. Finally, the overall filter bank output signal restitt [5]

X(z) 2 (Go(#) [Ho(z)X(#) + Ho(2Wo) X (2V\b)]

+ G1(z) [H1(z)X(z) — H1(zWo) X (zWo)] ) (14)

2
Due to complex modulation (cf. (1), (2), (11) and (12)), weafin
get

1S (Ha(zWE) ) WX (5 15
71 3 (HelaWh)) Wemx(a) (15)

+7 MHp(2)Hp(zWe) (1-W5°) X (2 W)
This equation complies with to (8). Here, sirw§° =1, remaining
aliasing components are fully compensated by the FMUX.

2.3 Modified DFT SBC-FDFMUX Filter Bank

In the following the application of MDFT filter banks in coroe
tion with switching functions for flexible frequency reathtion is
investigated.

2.3.1 On-Board Switching for k M = Q=2

Fig. 4 depicts the 2-channel MDFT filter bank with a switching
function. Here, in comparison to Fig. 3, the FDMUX outputreits
are switched to different inputs of the FMUX.

Following (14), this is now described by
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Xy(z),
Re 2
7 z! X@)
i) 2} e
jIm
! .
c
Switching 6, X,(z)
W3

Figure 4: 2-channel MDFT filter bank applying channel swiiich

k

1
- (Go(a) [H1(2)X(2) + Ha(2 W) X (2We)]

+ G1(z) [Ho(z)X(z) — Ho(zWo) X (z2\W5) ])

Components, which are required to recombine the input bgitla:

out aliasing, are now allocated in the stopband regioGgfz )
andG;(z), respectively. Hence, an additional frequency shift by
WJ' = (—1)" directly after the upsampling by two is needed to real-
locate these components. Itisintroduced as shown in Figedce,
we get

-

—~1

Z

5 (Go(a) [Ha(zWe) X (2W) + H1(2)X(2)]
+ G1(z) [Ho(zWe)X (zWb) — Ho(2)X(2)])
7% ((Hp(2) W + (Hp(2W6)) 2V ) X(2Vp)
+7 Hp(z)Hp(2Wo) (WoH —W5°) X ().

{‘ue to switching, constant phase shifts\by" andWZ”G, respec-

X

(z)

ively, occur. The structurally imposed aliasing comp¢iesais

lly retained in case of\;* =W,', which is true fora = 0 (and,
more generally, for evea) in connection with the application of the
above-mentioned frequency shifts. Hence, 2-channel MDF&F fi
banks are applicable for flexible frequency reallocation.

Here, it should be noted that the output sigidlk;) consists

of the two switched independent user signals, where eachbis s
jected to an additional and constant phase shiftVig! andwW,,
respectively, which does not necessarily have to be corapeéts

2.3.2 On-Board Switching for KM > 2

ForK =M = Q > 2, the switching function has, in principle, the
same impact on the spectral components, as described atove f
K =M = 2. The aliasing compensation requires that the original
spectral components must be allocated at the passbanad refjio
the respective synthesis filter of the FMUX. In connectiothva
switching function this is not given, if the elementary gibnis
shifted over an odd number of filter bank channels, as showneab
for the case oK = M = 2. Hence, in this case, an additional fre-
quency shift after upsampling B}' = (—1)" is needed for spec-
tral shifting. On the other hand, if an elementary granulkshifted
over an even number of adjacent filter bank channels, thesdibev
quency shift must not be applied.

This fact motivates the splitting of each elementary gramitio
two sub-granules leading to a filter bank with= K =2Q > 2
channels, i.e. with twice the number of elementary granuléish
this approach, each sub-granule may exclusively be swdtokier
an even number of adjacent filter bank channels. Hence, the ap
plication of frequency shifts for retaining the structlyamposed
aliasing compensation is no longer required in any form hEsamb-
granule is (nearly) perfectly reconstructed correspandmwide-
band signals.

A second advantage becomes obvious from Fig. 2: Since down-
sampling (upsampling) bi /2 is applied, the overall downsam-
pling factorM and, hence, the number of filter bank chanri€ls
must be even. As a consequence, by setlihg- K = 2Q > 2,
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the MDFT SBC-FDFMUX filter bank can be designed for FDM-
signals, which are composed of an odd num@eof elementary
granules.

2.3.3 General Filter Bank Description for k M > 2

Filter Bank without Channel Switching

In the following, a general detailed description of tkechannel
SISO MDFT SBC-FDFMUX filter bank is given, in order to illus-
trate its potential of the extension to MIMO systems. A widet
user signal within an FDM input signal is decomposed and=o#sf
reconstructed by an SBC-FDFMUX filter bank. Hence, follogvin
(8), we define for theearly and partially perfect reconstruction
(NPPR)of such a signal occupying the channels starting from inde
ky to indexkg

Z hp hpn V Z“W_kn MH—"e)

Z hp hp n— V)
K-1

. < % WK*k(n*anne) + WKk(nanG)> ’
k=0; k=Ko+1

with 0 < ky,ko < K—1 and 0< ky + ko < K—1. The z-transform
of the left hand side of this equation yields

ndo

ko 2 NH+Ng
Freer(z kuko) = 5 (He@wl)) W™ e)

representing the transfer function of the NPPR of a widelségahal
within an FDM signal without any kind of channel switching.

Filter Bank with Channel Switching

In order to investigate the impact of switching on the NPPR an
the aliasing compensation, we consider how one widebamalsig)
transferred to the output. According to (13), the widebantpuot
signal occupying the channels frdmto k, is given by

Z@ Gk, (7

+<f1)kquk@wKz'“)X(avvé'“)] (7)

MIX

——1

> [ x@wg)

Xy ko (2)

whereky denotes the difference between the initial FDMUX and
the final FMUX channel index for each sub-granule after dviitg.
According to the previous sectidq, is even and-K +2 < ky <

K — 2. With (1) and (2) we get

NIx

;Ma

Xi, ko (Z) z HP(ZiW|I<(+kA)W|£kA>nG

1

%
+(—1)*Hp

Here, only those parts of the summation olérave to be consid-
ered that are allocated in the passband or transition bayonref

ﬂp(Ziwll((+kA). For the first term of the summation ouethis is met

in case of =k, /2 and for the second in caselof k—1+ky /2 and

| =k+ka/2. All other parts are suppressed. Hence, the resultin
signal is

NS

[Hp@WEWZ WE X (2 W)

(ZWE g W MR (W)

Xk (2) =
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'Wék+kA)(nG+nH>X(ZiW|I((A)

k Ko
z ? %ﬂp(zwé+h)wék+ka)ne—km

k7

D Hp@we X @)
(Z|Wk+1+kA) (Z|Wzk+l+kA)]
oo (7):
(z) complies with the condition for NPPR

+(~1)*H,
o (A)
Kiesko

: o (A)
Here, the first terrmkwko

(z)+X

%as stated above with an additional constant phase shifgo}"

The components of the second teX:fQ ) are compensated ex-

cept fork = ky andk = k. These remalnlng components represent
filtering at channel spacing that is free of any signal conepts
therefore, they are negligible. Hence, the overall NPPRuigig-

nal is given by

A K kan
Xiko(@) = 7 W™

5 (e’

k=

Wék+kA)(nG+nH)l(ZiWéA). (18)

With (18) we extend (16) to get

ko 2
Fopr(a Ko ko k) =W 5 (He(@we ) et o),
k=

(19)
i.e. the transfer function of the NPPR of a wideband signahiwi
an FDM signal after channel switching.

3. MODIFIED DFT MIMO SBC-FDFMUX FILTER BANK

The above results can be extended to MIMO filter bank systems,
of which two types are distinguished. Within symmetricalNLD

filter bank systems all FDMUX and FMUX filter banks have the
same number of channels, whereas within unsymmetrical MIMO
systems the number of channels of the FDMUX input and of the
FMUX output signal are differing from each other. Such aeyst

is depicted in Fig. 1.

3.1 Symmetrical MIMO Filter Banks

The investigations of section 2.3.3 allow for a straightfard easy
extension to symmetrical MIMO systems, since there is nogpri

pal difference in the SBC-FDFMUX functionality between 8IS
and symmetrical MIMO systems. The NPPR of the wideband sig-
nals and the recombination of independent signals complits

the results of the previous sections.

4. SIMULATION EXAMPLE

For the following example we consider a symmetrical MIMO SBC
FDFMUX filter bank with twoK = 16-channel FDMUX and two
K = 16-channel FMUX processing two FDM input signals, each
with Q = 8 = K/2 elementary granules. The protoytype filter with
N = 639 is designed according to [8]. The magnitudes of the log-
arithmic FDMUX filter responses are depicted in Fig. 5(a).eTh
distortion function [4], which in case of perfect reconstian is a
mere delay function, is shown in Fig. 5(b).

The spectra of the FDM input signals, witigs = 75 andbg, =

%" — Acs= 37, and the resulting FDM output signals’ spectra after
demultiplexing, switching, nearly partial perfect recoostion and

Yecombination are shown in Fig. 5(c)-(f).

5. CONCLUSION

In this paper we recall the principle of the critically sampl SISO
MDFT SBC-FDFMUX filter bank and apply this approach in or-
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Figure 5: Computational example for a MIMO MDFT SBC-
FDFMUX filter bank system

der to give a detailed description of the structurally ingzbslias
compensation in connection with channel switching. It ievai
that this type of filter bank is fully applicable for flexibleejuency
reallocation without any additional modification, if thetdil bank

elementary granules within one FDM signal. The same canditi
has to be met in case of symmetrical MIMO filter bank systems. F
nally, we conclude with a simulation example of such a synnicedt
MIMO MDFT SBC-FDFMUX filter bank system.

In future research, the nearly partial perfect reconsouoawill
be extended to the asymmetrical filter bank case. The decived
dition does not match to asymmetrical filter banks, but innsan
tion with the general considerations of this paper it candeslas a
promising starting point for further investigations.
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