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METHOD·. AND APPARATUS FOR 
·TRANSMU°LTIPLEXER :A· MULTI-CHANNEL 

.INFORMATION .SIGNAL. 

· 5 · Field of the ·Invention 

The present inv~ntion ·relates to multi~channel digit~ · · 

transceivers, and more particularly, to a filtered fast F()urier 

transmultiplexer and a method of transmultiplexing a multi-channel 

. 10 ·.communication signal in a 111ulti.;.channel digital transceiver. 

Background of the. Inv~ntion . ·· • .. 

There .are ntunerous advantages to implementing'·a radio ,'' 

15 communication.system using digital techniques. Notably, there is· 

enhanced system capacity, reduced noise, and reduced hardware and . 

'associated power consumption. There has' been' propos~d' several ' 

digital radio communication systems. For example, the~ ·is shown · 

and described in U.S. Patent No. 5,396,489 several embodiments of · 

20 · · radio communication systems implementing digital techniques. · 

In multi-channel transceivers, it is known to use 

' trailSmwtiplexers to recover individual commu.nication channels 

from a multi-channel cominunication signal. Such a · 

transmultiplexing device is shown in FIG. 1 embodied in a digital · 

· 25 ·.receiver.100 .. As shown, multi'."chann¢1 radio fr~queilcy (RF) signals·· 

are received at antenl1a 102, band pass filtered. · 104, down converter . 

106, IF filtered 108, down converted to baseband 110, filtered 112 

and digitized 11_4~ The digitize multi-channel signals are tben· . 

communicated to a transmultiplexer. 116 which_ includes and . · .. 

30 interpolating polyphase filter stage 118 and a fast Fourier transform 

(FFF) stage ·120. ·The output of transmultiplexer 116 are N . ... . . 

. communications channels separated from the digitized.multi-channel 

signal. One will readily appreciate that operated in reverse, the . . 



. ·.· . ·. . 
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structure shown.in FIG .. I operates to process .N chailnels for 

transmission as a multi-ch~el RF signal from: an. antenna. 

Transmultiplexers, however,· generally. are not capable ·of 

·· . producing high sample rate outputs and operate best when the input 

.5 and output saniple rates are differeil.t by· a· factor equal to the number 

of channels .. _Also, trailsmultiplexers· do not provide opportunities to 

· utilize special filter structures .. They are limited as to not being able· 

to take ad~ailtage of symmetry, and_generallyc~ not be made 
without multipliers~ In addition, typical transmultiplexers require a 

1 O · large number of filter taps~ 10 ti:ines or mor~· as many as the· number 

of channels·, and therefore. a iarge aJ11ount of memory. Hence, · · · 

. transmultiplexerS are performance limited and compufationally and 

.memory iileffident. ·. ·.. . ·. ·. .. . . 

. . Therefore~- there· is a need fora~ high performance,: efficient.·· 

15 · transmultiplexing devic~ arid method for use with digital 

transceivers. Such a device and method are provided by:·the present··· 

invention~ and one ()f ordinary skill iti the. mt will_ readily 

appreciated the many advantages. and features of the present . 

invention from the following. detailed ··descriptlon. and accomp~ying. . .. 
. 20 .·. drawings. . · 

·.Brief Description of the Dta~ings 

. . . . 

FIG.·1 is a block diagram of a prior art mµlti~charinel.digital . · 

. 25 receiver; 

... FIG2 is a block diagram of_ a multi-channel transceiverin 

· . accordance with a preferred embodiment of the present inventfon; 

·. FIG. 3 i~ a·biock diagram of a preferred.implementation of a 

filtered fast Fourier transform (FFFf) :for use with. the transceiver 

. 30 of FIG .. 2; 

·_·FIG~ 4 is a signai diagram illustrating the operation of the FFFJ' 
.of FIG. 3;. 
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FIG. 5 is a block_diagr_am o~ a preferred filter· structure. for use · 

.. iri accordance with. the present invention; 

·FIG. 6 is a block diagram of:m alternate preferred . 

. implementation of a filter structure for use in accordance with the 

5 . present invention; 

FIG. 7 is chart illustrating· the. computational· perforinanc.e of ari 
FFFI' in a~cordance with .a··preferred embodiment of the present .. _·. 

invention. 

10· Detailed Description of a. Preferred Embodiinent 

· With ·referen~e to FIG. 1 a multi-channel digital transceiver. 200 · 

is coupled to a conuil.Unication network 250. It will be appreciated 

. that·t~sceiver200 may be.advantageouslyutilized.in nearly my· . 

15 .. multi-channel communication system such as cellular radiot~lephone 

. communication systems, cable television (CA TV) .telephony systems, 

and the _like. · Transceiver 200 includes in a receive path a ~eceive· 
. · .. al'ltenna 202,. an. RF. bandpass· filter 204, an RF-to-intermediate .. 

frequency· (IF) mixer 206~ ·an IF bandpass filter 208, · ari IF-to~ 
20 .. baseband mix.er 210,-·an anti-alias filter 212, an analog-to~digital 

converter (ADC) 214, and a filtered fast Fourier transmultiplexer 

(FFFI') 216. In a transmit path, transceiver 200 includes an inverse 

FFFI' 218, a di~ital-to-analog converter (ADC) 220, anti alias. filter 

· 222," a baseband-to-IF mixer· 224, IF bandpass filter 226, an IF-to-

25 RF filter 228, an RF bandpass filter and amplifier 430 and transmit. 

antenna 232. 

In operation in receive mode, multi-channel communication 

.. signals are received at antenna 202 and processed along the receive · 

path to FWf 216 which_operates-to_downconvert the d1aimels · · · 

30 .. contained within the multi-channel communication sign~ to produce . · 

·· a b~ock.of N communication channels which are then coupled.to 

· communication system 250. Similarly in transmit, a block ofN 
· communication channels -are communicated from communication 

.·.· . 
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system- 250 to inverse· FFFT 218 which operates to upconvert the 

-· individu~ communication chann.els into a multi~chmmel . 
. ·communication signal which" is then processed along· the transmit . 

. __ path_ and ultimately radiated from transmit antenna· 230 .. · · 

5 With reference tb FIG. 3, a preferred implementation of FFFI' 
216 is shown,: it being understood that a similar structure.although 

· - reverse. of FFFr 216 being the preferred implementation of Inverse 

FFFI' 218. FWl' 216 structtire resembles the decimation in.time 

CC>oiey.:.Tukey FFT stiu_cture modifi~d, however, to include filters 
10 · on each branch. As shown in FIG~ 3, FWI' _216 includes a 

commutator 302 which commutate·s an input multi-channel 
•.communication signal to a first filter •stage 304 having. a plurality of 

. . . . . . . 

filters 306 ·- 312 and via delay element 303 to a secondfilter stage 
314 having a plurality of filters 316 - 322. . In a preferred· · _ 

15 . implementation filters 306 - 312 ·and 316 - 322 are substantially the 

· same, however, it shouldbe linderstood that the -filters ·may be of 
different types or coefficients.. The outputs. from filter stages 304 . 

and 314 are cross slimmed in summing stages 324 and 334 each 
. having summers 326 - 332 ·and 336 - 342, respectively. While 

20 . indicated as_ a summing operation, a "-" .provided before the 
· sununation sign is intended to indicate a sub~tion. The outputs· of·· 

sullllriers 336 - 342 of suinming stage 334 are further. scaled by a 

2.5 

·. -. time varying coefficient. In the. preferred embodiment, the outpu~s 
.Qf ·s~mers 336 - 342 are· scaled by:· 

(1) 

. where Wis 
-j2k 

. W=e" ' (2) 

k is the instant sample, n is ... , and c is .... 

30 ·At the outputs of summing stages 324 and· 334 are com~utators __ 
. ·344and 346. ·commutator 344 commutates the outputs of suinihing .. 

stages 324 to ~ .. third ·filt~I'. stage 348 having filters 350 arid 352 and 

via a delay element 345 to a fourth. filter ~tage 354 having filters 356 · 

\ 
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and 358. Similarly, COJ11111Utator ~46 COJ;1lll1Utates the scaled output~ 
. . of summing. stage 334 to· filter stages 360 and via a delay element_ 

347 to-filter stage.366 having filters 362, 364 and 368, 370, 

respectively .. The outputs·.offilter stages 348 and 354 are cross . 
5 summed in summing ·stages 372 and 378 having summers374, 376 . · 

and 380 and 382, respectively. Likewise~ the outputs of filter stages .. 

360 and 366 are crossed s~ttuned in sU11llllii1g stages 384 and 390 .•·· . 
having summer~ 386, 388 and 392, 394'respectively~· The outputs of 
summing. stages 378 and 390 are further scaled by a timevarying . 

· 10 coefficient. · 

At the outputs ofsumriling .stages 372, 378 384and 390, .are 
· commutators 396, 398, 400 and 402. Commutafors 396, 398, 400 · 

. and 402 operate similar to t~ose previously described to commutate 
. the outputs of summing stages 372, 378, 384 and 390 to filters ·404, 

. 15 408, 412 and 416 and via delay elements 397' 399' 401, and 403 to . 
filters 406, 410, 414, 418, respectively. The outputs of filters 404 ~ 

. 418 are then crossed summed by s1lmmers 420 - 434, and the outputs 
of summers 422, 426, 4~0 and 434.are scaled by a value (-l)k ... 

The operation of FFFI' 216 is best understood.with·reference to · 
20 FIGs. 3 and· 4 and \)y considering it.as a series of comb filters· with ·· 

· mixers at each· input. The multi-channel input sigrial 450 comes ·in 

from the.left side of the page (FIG. 3) whereit is separated illto two 
paths 452. and 454. Path 452 is passed directly through the filters · . 

(i.e. filter stage 304) while path 454 is filtered (i.e.; filter stage 314) 
' 25 ·. and mixed such that the spectrum is moved by one channel. The'·.·. 

filters eliminate every o~er channel.on each path 452 and 454 · · ·. 
leaving four unattenuated signals on each path. Next, the paths 452 . 

· and 454 are broken into four paths 456 :.. 462 which are similarly 

filtered or' filtered and mixed leaving the four paths 456 ~ 462 with 

. 30 two channels per branch~ Finally, paths 456 -. 462 are broken into 

... eight paths 464 - 478 which are again filtered or filtered and mixed 

.. as appropriate. This leaves t~e eight paths 464 - 478 with one, 
· channel per path. Hence· a multi-channel signal containing eight 

· channels is separated into eight sigl}als with one channel per signal, ·· 
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all of which are at. the· input. sample rate. and ·with the desired. channel 
. at baseband. 

The mixing, i.e., scaling with the tiine varying "coefficient, is . 

. shown advantageously following the summing. However, one will · 
.5 readily appreciate that the mixing 1nay .be performed: prior to · 

summing or prior to filtering, as ·the ·case may be; without departing 
from the· fair scope. of the· prese11:t invention. . . . 

. With reference now to .FIG. 5,. a preferred filter structure 500 · 

for use with the FFFI' is shown. Filter 500 is preferably a comb 
1 O filter structure including a plurality of low pass filters 502 - 508 · · 

. which attenuate half of the input spectrum replicated _N times, where 

. N is half the number of channels. Filters 502 - 508 ·form a ·branch . 

· which commutator 510, 512 distributes every Nth· sample to. This 
meansthat each filter input is decimated by N. An equivalent 

15 stnicture is one where the filter is.upsampled by Nin a single branch· 

with a filter having spectnlm consisting o:f N relicas, ·i.e., comb 
-teeth, of the desired. response. Filter 500 is useful because ·of the 
sharp roll offs created without increasing filter order:· .. 

. . . 

With reference· to FIG. 6, preferred filter strilcture 500 is 
· ··. 20 · illustrated adapted to a portion of FFFT 216, with analogous 

elements to filter· structure 500 and FFFI' 216 being indicated with a.·. · · 

prime('.). The input commutator 510' includes a mixer. 602 which 
mix~s the input multi-channel signal with a complex ~inus.oid having 

a frequency of Fs/(2N), N being the number of branches-. As 

25 described above~ each br~ch contains an input sample decimated by 
N, the samples associated with each branch are therefore multiplied 
by: 

.. . -11-lljk 
(-lte . N .· .. (3) 

·· where I ..is the branch index and k is the instant sample. This means .. 
30 ·. that each branch js multiplied by a constant times +/.. I. In. the . 

preferred embodiment, the multiplication, i~e., multipliers 604 ~ · 

610.~ is moved. to the filter output as described~· This advantage_ously · 
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. . 

.· .:. ·, ... ·. . .·. . . . ·. . . ·.· . ·. . ·.·. 

allows for the use of asingle co~b filter for both the mixed and 
.· unmixed· branches. 

FIG. 7 illustrates an improvement factor, i.e., the reduction in .. 
computation,_ for the FFFf of the present invention ·over the- typical 

. 5 trcl11smultiplexer. ·. Moreover, FFFI' .2 i 6 -p.as a considerable memory 

. advantage. The filters· of FFFT 216 may advantageously_ be 
hardwired· eliminating . storage of filter coefficients. In contrast, a.: 
typical transmultiplexer will require the storage ·of CM' 0 filter taps, 
where C is the number of channeis and M.'o is. the computation cost, · · ·. 

· · 1 O in shif~ - adds per output sample, of the leftmost~ i.e .. , most complex, 

· filter. A 1024 channel transniultiplexer with eleven taps per. branch 
: will . therefore require about 11 ·· K words of fiiemocy .. 

As one of ordinary skill .the art will appreciated· from the 

· foregoing discussion, the present invention provides a 
·15 computationally and memory efficient apparatus and· metho~ for use · 

20 

in multi-channel transceivers through a unique filtered fast Fourier · 
·.· transmultiplexer structure.·· Many •additional features and· advantages_ 

. and the fair scope of the: present invention is readily discerned from 
. the foregoing discussion. and the. subtended claims... . 
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. . . . 

What is claimed is: · 

Claims · 

. . 

·· l. · A method of trarismultiplexing a 11lulti-charinel .... 
i11formation signal at a first sample rate into a plurality of selected · 
co:riimunication chanl1els .at the first sample rate, ;the method· .·· · 

. comprising the· steps· of: 
.· ·. ·. 

10 ·(a)· .. commutatingthe information signal to.a first plurality 
· ·of filters.and conlm.utating·a delayed sample of the.iriformatio~ 

signal to a second plurality of filters, each filter of the first plurality 
of filterscorresponding with a filter of·the second plurality of •. 
filters; 

15 (b) summing an output of each filter ()f the first plurality of 
· filters with an· ou~put from the correspondi~g filter of the second . 

plurality of filters to form a first plurality of s11mmed outputs; 

(c) summing a schled output of each-of the secondplurality. 
of filters with an output of the· corresponding filter of the fir~t . 

20 plurality of filters to forin a second plurality .of·summed outputs;··. 

(d) scaling each output of the second plurality of sumnied 
outputs by a time varying value~ 

' (e) . commutating the first plurality of sumined outputs to . 

. . form· a first output. signal at the first· sample. rate;· and 

25 (f) commutating the scaled· second plurality of summed. 
· outputs to form a second output signal at ~e first :sample rate; 

2. · The method of claim 1 wherein the step of scaling each 

of the s·econd plurality of sumined outputs by a time varying value 

30 comprises scaling each of the second plurality of summed outputs _by . 
a complex .exponential~ 
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3. ·. The method of claim 2 wherein in the ·step of . . 

commutati~g the first ~utput signal to a first plurality of filters . 

comprises commutating the first output signal to a third plurality of 

·filters and the step of commutating a deiayed· sample· of the first · 

5 . output signal to a second plurality .of filters comprises commutating . 

· a delayed sample of the first ouq)ut signal to a fourth plurality. of 

.filters. 

10 

15 

20 

· .. 25 

30 

· 4. · The method ·of claim l wherem the· step of summing a ·. 

scaled output of each of the second plurality of filters with an output 

of the corresponding filter of the first .plurality of niters to form a . 

second plur8Iity of summed outputs comprises subtracting an output . · 

of each of the second plurality' of filters from an. output of the 

corresponding filter of the first plurality of filters. 

5. . An app~atus for trailsmultiplexing a multi-channel°·. 

infonriation ·signal at a·first sample rate into a plurality.of selected .· 

.. communication·channels at the first sample rate comprising: 

. . (a) . means for commutating tile information signal to a first. 

plurality of filters and commutating a delayed sample of the· . · 

information signal to a second pltJrality of filters, each filter ofihe 

first plurality of filters corresponding with a filter of the second . . 

pltirality of filters; 
. . 

(b) means for summing an output of each filter of the first 

plurality of filters with and output from the corresponding filter .of 

the ·Seeond plurality of filters to forin a first plurality. of summed. 

outputs~. 

( c) · means for summing a scaled output of each of the 

second plurality of filters with an output of the corresponding filter · . 

of the first plurality of filters to form a second plurf,llity of suinmed ' 

. outputs; 

(d) means for .scaling each output of the second.pluralityof · .. 

summed outputs by a time varying.value; · · · 

ThliHi ii1i1JHr · · 
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(e) · . means for commutating the first plur~ity_ of sut11llled. 

· ·outputs to form a first output signal at the first sample rate; and · 

(f) .·· means for commutating ·the· scaled secorid· plurality of . 

· · summed ou~puts to· form a second output signal at the first sampie 
· 5 rate. 

. 6~ The apparatus of claim 5 wherein the first plurality of .· 
.filters comprises a plurality of substantially .identical filters. 

1 O . . 7. The ·app·aratus of claim. 5· wherein .in the means for . 

.. comrimtating the first output signalto a first .pluraj.ity of filters is . 

. operable for commutating th~ first output signal to a third plurality 
of filters and the means for com.mutating a delayed sainple of the · 

first output signal to a second plurality of fiiters. is operable for . . 
15 commutating a delayed sample of the first _output signal to a fourth .. 

. plurality of filters. 

· 8. . The apparatus of claim 5 wherein in the irieans for . . 
·c.omniutating the second output signal· to a fi~t plur~ity of filt~rs is ... 

20 operable for. commutating the second output . signal to. a third . 

25 

. plurality of filters and the· means for commutating a delayed srunple 
of the. second output signal to. a second plurality of filters is. opet~ble . 
. for commutating a delayed sample of the _second output signal to a : 

fourth plurality of filters. 

9. The apparatus ~f claim 5 wherein.the means for 

summing a scaled output of each of the second plurality of filters 
with an output• of the corresponding filter of the. first plurality of 

filters to foim a second plurality of summed outputs is op~rable for . · 

30 subtracting an output of each of the .. second plurality of filters. from 
. an output ofthe "corresponding filter of the first plurality of filters. 

. . . . . . ~ 

--~~~--'----· I 0. A filtered fast Fourier. transmuliiplexer ·comprising: .· 

111111111111111111111111111111 
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.. a commutator having an input and a first output and a ~econd · 

-·output, wherein the first output selectively couples a sample.of a .. 

multi-channel information signal to inputs of a first plurality of 

filters, and the second output sel~ctively couples a delayed sample of 

5 the multi;.channel information signal io inputs of a second plurality .. 

of filters; the firs( and second plurality of filters each having ar1 . 
output; 

. a first piurality. of. combiners eacQ. coupled ~o an output. of 

one the first plurality of filters and to an output of a corresponding 

10 . filter of the second plurality of filters,· each of the first plurality of.· 

combiners having an output; 

a second plurality of combiners e~h coupled to an output of 

one of the. second plurality of filters and to·an output 'of the 

corresponding filter of the .first plurality offilters, e"ach of the 

15 second pltlrality of combiners.having an output; 

· a _plurality of scalers each having ·an _input coupled to an output·· 

of one of the· second plurality of combiners and an output; 

a second com1nutator. for commutating the outputs. of the. first · 

pIUrality of filters to a· first output signal. at the. sample rat~; ail.d · . 

20 a third commutator for commutating the outputs the plurality 

of scalers to a _second output signal at the sample rate. 

. .' ... 


