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(57) ABSTRACT 

A base station subsystem includes at least one transmit 
branch having a forward path that includes a signal process 
ing unit coupled at an input to an input Fourier Transform 
Matrix (FTM) and at an output to an output FTM. The 
transmit branch further includes tWo error compensation 
loops, an inner feedback loop and an outer feedback loop. 
The inner feedback loop provides error compensation for 
error introduced by the signal processing section to a signal 
input to the transmit branch. The outer loop provides error 
compensation for all residual error introduced into the signal 
When routed through the transmit branch forWard path after 
error compensation may be performed by the inner feedback 
loop. 
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COUPLING A PREDETERMINED SIGNAL TO A SIGNAL PROCESSING SECTION 702 

ADJUSTING A GAIN AND/OR A PHASE OF THE PREDETERMINED SIGNAL |d704 
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MODULATING A RADIO FREQUENCY (RF) CARRIER WITH THE ANALOG SIGNAL |__708 
TO PRODUCE AN RF MODULATED SIGNAL 

AMPLIFYING THE RF MODULATED SIGNAL TO PRODUCE A SIGNALIy 
PROCESSING SECTION OUTPUT SIGNAL 770 

DETERMINING AN INNER LOOP ERROR BASED ON THE SIGNAL Iym 
PROCESSING SECTION OUTPUT SIGNAL 

T 
PRoDuGING AN INNER LOOP CONTROL SIGNAL BASED ON THE DETERMINED 

INNER LOOP ERROR, NNEREIN THE INNER LOOP CONTROL SIGNAL IS 
OPERABLE I0 ADJUST AI LEASI DNE OF A GAIN AND A PHASE 714 
OF A SIGNAL COUPLED TO THE SIGNAL PRDGESSING SEGIIDN 
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SAMPLING THE SIGNAL PROCESSING SECTION OUTPUT SIGNAL TO 
PRODUCE AN ATTENUATED VERSION OF THE OUTPUT SIGNAL 

PRE-AMPLIFYING AND SCALING THE ATTENUATED 804 
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DEMODULATING THE INNER LOOP FEEDBACK SIGNAL TO PRODUCE 806 
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|DIGITIZING THE BASEBAND SIGNAL TO PRODUCE A DIGITIZED SIGNAL}-808 

COMPARING THE DIGITIZED SIGNAL TO A DESIRED SIGNAL TO 8n) 
PRODUCE AN INNER LOOP CORRELATION VALUE 

COMPARING THE INNER LOOP CORRELATION VALUE TO A 8L2 
DESIRED CORRELATION VALUE 

BASED ON THE COMPARISON OF THE INNER LOOP CORRELATION 
VALUE TO THE DESIRED CORRELATION VALUE, PRODUCING 
AN INNER LOOP CONTROL SIGNAL THAT IS OPERABLE TO 

ADJUST AT LEAST ONE OF A GAIN AND A PHASE OF A SIGNAL 
COUPLED TO THE SIGNAL PROCESSING SECTION 

802 

814 

FIG. 8 



Patent Application Publication Nov. 20, 2003 Sheet 7 0f 8 US 2003/0214355 A1 

@ P 
COUPLING A PREDETERMINED SIGNAL TO A FIRST FOURIER TRANSFORM 
MATRIX (FTM) TO PRODUCE A FIRST FTM OUTPUT SIGNAL AT EACH OF 

MULTIPLE FIRST FTM OUTPUT PORTS 
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METHOD AND APPARATUS FOR ERROR 
COMPENSATION IN A HYBRID MATRIX 

AMPLIFICATION SYSTEM 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to Wireless 
communication devices, and in particular to a hybrid matrix 
ampli?cation system and an antenna array of a Wireless 
communication device. 

BACKGROUND OF THE INVENTION 

[0002] A hybrid matrix ampli?er comprises a parallel set 
of ampli?ers Whose inputs are fed, and output are combined, 
by multi-port matrices, made up of hybrid couplers. An 
exemplary con?guration of a hybrid matrix ampli?er 
Wherein the matrices are Fourier Transform Matrices 
(FTMs) is described in US. patent application Ser. No. 
5,834,972, Which patent is assigned to the assignee of the 
present invention and is hereby incorporated by reference 
herein in its entirety. In general, a signal applied to an input 
port of an input FTM is distributed equally among multiple 
output ports of the FTM. Each signal output by the FTM is 
then routed to a separate ampli?er, Where the signal is 
ampli?ed and then routed to one of multiple input ports of 
an output FTM. Each signal received at an input port of the 
output FTM is then distributed among multiple output ports 
of the output FTM. 

[0003] Use of a transmitter that includes a hybrid matrix 
ampli?er has been proposed for a base station subsystem 
(BSS) that service multiple cell sectors and that include 
multiple adaptive antenna arrays, Wherein each antenna 
array of the multiple antenna arrays’ provides service to a 
different sector of the multiple cell sectors. In such a BSS, 
each signal produced at one of the multiple output ports of 
an output FTM is routed to an antenna element in an antenna 
array. Furthermore, each antenna element receiving an FTM 
output signal is in a different antenna array than the other 
antenna elements receiving output signals from the FTM. 

[0004] For example, suppose a BSS services a cell that is 
divided into four sectors. The BSS includes four antenna 
arrays, Wherein each array includes four antenna elements 
and services one of the four cell sectors. The BSS further 
includes four transmit branches. Each transmit branch 
includes an input FTM having four input and four output 
ports, an output FTM having four input and four output 
ports, and an ampli?er section comprising four ampli?ers, 
Wherein each ampli?er of the four ampli?ers is operably 
coupled to an output port of the input FTM and to an input 
port of the output FTM. Furthermore, each output port of a 
transmit branch’s output FTM is operably coupled to an 
antenna element in an antenna array different from the 
elements and arrays to Which the other FTM output ports are 
coupled. That is, a ?rst output port of the FTM is operably 
coupled to an element in a ?rst antenna array of the four 
antenna arrays, a second output port is operably coupled to 
an element in a second array of the four arrays, a third output 
port is operably coupled to an element in a third array of the 
four arrays, and a fourth output port is operably coupled to 
an element in a fourth array of the four arrays. As a result, 
each transmit branch is operably coupled to an antenna 
element in each of the antenna arrays. 

[0005] Due to variations in length of transmit branch 
connecting cables, component aging, and variations in com 
ponent performance, a gain and phase of signals propagating 
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through a transmit branch may vary sloWly With time. When 
each of multiple signals input into a transmit branch and 
output to a different antenna element than other input signals 
experiences a different gain and phase than the other input 
signals, there exists a possibility of cross-sector signal 
leakage. Cross-sector signal leakage results in a signal 
intended for transmission in one cell sector interfering With 
a signal transmitted in another cell sector. Furthermore, 
When a gain and phase of a signal-propagation path-through 
a transmit branch and a coupled antenna element is 
unknoWn, uncalibrated, or subject to variation over time, 
there exists the possibility of improper beam formation 
When beam forming Weights are applied to the elements of 
the array that includes the coupled element. Therefore a need 
exists for a method and apparatus of calibrating, or provid 
ing error compensation for, signal propagation paths of 
transmit branches that include hybrid matrix ampli?ers, and 
particularly Which calibration or error compensation can be 
determined Without shutting doWn the BSS. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0006] FIG. 1 is a block diagram of a Wireless commu 
nication system in accordance With an embodiment of the 
present invention. 

[0007] FIG. 2 is a block diagram of a transmitter section 
of a base station subsystem of FIG. 1 in accordance With an 
embodiment of the present invention. 

[0008] FIG. 3A is a block diagram of a transmit branch in 
accordance With an embodiment of the present invention. 

[0009] FIG. 3B is a continuation of the block diagram of 
FIG. 3A and is a block diagram of a transmit branch in 
accordance With an embodiment of the present invention. 

[0010] FIG. 4 is a block diagram of a baseband 2x2 
Fourier Transform Matrix in accordance With an embodi 
ment of the present invention. 

[0011] FIG. 5 is a block diagram of a radio frequency 2x2 
Fourier Transform Matrix in accordance With an embodi 
ment of the present invention. 

[0012] FIG. 6 is a block diagram of a 4x4 Fourier Trans 
form Matrix in accordance With an embodiment of the 
present invention. 

[0013] FIG. 7 is a logic ?oW diagram of steps executed by 
the transmit branch of FIG. 3 in performing an inner loop 
error compensation process in accordance With an embodi 
ment of the present invention. 

[0014] FIG. 8 is a logic ?oW diagram of steps executed by 
the inner loop feedback circuit of FIG. 3 to produce an inner 
loop control signal in accordance With an embodiment of the 
present invention. 

[0015] FIG. 9 is a logic ?oW diagram of steps executed by 
the transmit branch of FIG. 3 in performing an outer loop 
error compensation process in accordance With an embodi 
ment of the present invention. 

[0016] FIG. 10 is a logic ?oW diagram of steps executed 
by the outer loop feedback circuit of FIG. 3 to produce an 
outer loop control signal in accordance With an embodiment 
of the present invention. 
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DESCRIPTION OF A PREFERRED 
EMBODIMENT 

[0017] To address the need for a method and apparatus of 
calibrating, or providing error compensation for, signal 
propagation paths of transmit branches that include hybrid 
matrix ampli?ers, Which calibration or error compensation 
can be determined Without shutting doWn the B55, a base 
station subsystem includes at least one transmit branch 
having a forWard path that includes a signal processing unit 
coupled at an input to an input Fourier Transform Matrix 
(FTM) and at an output to an output FTM. The transmit 
branch further includes tWo error compensation loops, an 
inner feedback loop and an outer feedback loop. The inner 
feedback loop provides error compensation for error intro 
duced by the signal processing section to a signal input to the 
transmit branch. The outer loop provides error compensation 
for all residual error introduced into the signal When routed 
through the transmit branch forWard path after error com 
pensation may be performed by the inner feedback loop. 

[0018] Generally, the present invention encompasses an 
apparatus for error compensation in a hybrid matrix ampli 
?cation system. The apparatus includes an input signal 
forWard path that comprises an input Fourier Transform 
Matrix (FTM) having multiple input ports and multiple 
output ports, a signal processing section, and an output 
FTM. The signal processing section has multiple input ports 
and multiple output ports, Wherein each input port of the 
multiple signal processing section input ports is coupled to 
an output port of the multiple output ports of the input FTM. 
The output FTM having multiple input ports and multiple 
output ports, Wherein each input port of the multiple input 
ports of the output FTM is coupled to an output port of the 
multiple signal processing section output ports. The appa 
ratus further includes an outer loop feedback circuit coupled 
to the input signal forWard path that samples a signal output 
by the input signal forWard path to produce an attenuated 
output signal, determines an outer loop error based on the 
attenuated output signal, and produces an outer loop control 
signal based on the outer loop error. Based on the outer loop 
control signal, the input signal forWard path adjusts at least 
one of a gain and a phase of a signal coupled to the input 
signal forWard path. 

[0019] Another embodiment of the present invention 
encompasses a multi-channel transmitter that includes an 
input signal forWard path having multiple input ports and 
multiple output ports and an outer loop feedback circuit 
coupled to the input signal forWard path. The input signal 
forWard path further includes an input FTM, a signal pro 
cessing section, and an output FTM. The input FTM has 
multiple input ports and multiple output ports and receives 
a predetermined signal at an input port of the multiple input 
ports and routes at least a portion of the predetermined signal 
to each output port of the multiple output ports to produce 
a plurality of input FTM output signals. The signal process 
ing section has multiple input ports and multiple output 
ports, Wherein each input port of the multiple input ports of 
the signal processing section receives an input FTM output 
signal of the multiple input FTM output signals. The signal 
processing section ampli?es each received input FTM out 
put signal to produce an ampli?ed signal and routes each 
ampli?ed signal to an output port of the plurality of signal 
processing section output ports. The output FTM has mul 
tiple input ports and multiple output ports, Wherein each 
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input port of the multiple input ports of the output FTM 
receives an ampli?ed signal from an output port of the 
multiple output ports of the signal processing section, and 
Wherein the output FTM produces a forWard path output 
signal at an output port of the multiple output ports based on 
the multiple received ampli?ed signals. The outer loop 
feedback circuit receives at least a portion of the forWard 
path output signal, determines an outer loop error based on 
the at least a portion of the forWard path output signal, and 
produces an outer loop control signal based on the outer loop 
error. The input signal forWard path adjusts at least one of a 
gain and a phase of a signal coupled to the input signal 
forWard path based on the outer loop control signal. 

[0020] Yet another embodiment of the present invention 
provides a method of error compensation in a hybrid matrix 
ampli?cation system. The method comprises steps of cou 
pling a predetermined signal to a ?rst Fourier Transform 
Matrix (FTM) to produce multiple ?rst FTM output signals 
and processing each ?rst FTM output signal of the multiple 
?rst FTM output signals to produce multiple ampli?ed 
signals. The method further includes steps of coupling each 
ampli?ed signal of the multiple ampli?ed signals to an input 
port of multiple input ports of a second FTM, Wherein the 
second FTM produces a second FTM output signal based on 
the multiple ampli?ed signals and determining a loop error 
based on the second FTM output signal. The method further 
includes a step of producing a control signal based on the 
determined loop error, Wherein the control signal is operable 
to adjust at least one of a gain and a phase of a signal coupled 
to the hybrid matrix ampli?cation system. 

[0021] The present invention may be more fully described 
With reference to FIGS. 1-10. FIG. 1 is a block diagram of 
a Wireless communication system 100 in accordance With an 
embodiment of the present invention. Communication sys 
tem 100 comprises a ?xed Wireless communication device, 
preferably a base station subsystem (B55), 102 that provides 
communications service to a service coverage area, or cell, 
160. Cell 160 is divided into multiple geographic sectors 
161-164 (four shoWn). B55 102 includes a duplexer section 
104 that is coupled to each of a multi-channel transmitter 
106 and a receiver 108 and is further coupled to an antenna 
112. Multi-channel transmitter 106 and receiver 108 are each 
further coupled to a processor 110, such as one or more 
microprocessors, microcontrollers, digital signal processors 
(DSPs), combinations thereof or other such devices knoWn 
to those having ordinary skill in the art. Antenna 112 is a 
directional antenna that is divided into multiple antenna 
sectors 120, 130, 140, 150 (four shoWn), Wherein each sector 
of the multiple antenna sectors corresponds to, and provides 
communications service to, a respective geographic sector 
of the multiple geographic sectors 161-164. 

[0022] Each antenna sector 120, 130, 140, 150 comprises 
an antenna array that includes multiple, preferably four (4), 
antenna elements. For example, antenna sector 120 includes 
antenna elements 121-124, antenna sector 130 includes 
antenna elements 131-134, antenna sector 140 includes 
antenna elements 141-144, and antenna sector 150 includes 
antenna elements 151-154. By utiliZing an antenna array to 
broadcasting signals to a mobile station located in the cell 
sector serviced by the antenna array, B55 102 is able to 
utiliZe one of numerous knoWn beam forming methods for 
the broadcast of the signals. 



US 2003/0214355 A1 

[0023] FIG. 2 is a block diagram of multi-channel trans 
mitter 106 of B55 102 in accordance With an embodiment of 
the present invention. As depicted in FIG. 2, multi-channel 
transmitter 106 of B55 102 includes four transmit branches 
201-204; hoWever, the number of transmit branches is up to 
the designer of B55 102 as the present invention does not 
require four transmit branches. Preferably, each transmit 
branch 201-204 is operably coupled, via dupleXer section 
104 (not shoWn in FIG. 2), to an antenna element in each 
sector, or array, 120, 130, 140, 150 of antenna 112, so that 
the number of transmit branches corresponds to the number 
of antenna elements in each of antenna arrays 120, 130, 140, 
and 150. As a result, each transmit branch 201-204 services 
each of the multiple sectors 161-164 of cell 160 and there 
fore is shared among the cell’s sectors. Each transmit branch 
201-204 provides multiple paths through Which radio fre 
quency (RF) signals, or the RF signals’ derivatives, propa 
gate as the signals travel from processor 110 to the antenna 
elements coupled to the transmit branch. 

[0024] Referring noW to FIGS. 3A and 3B, a block 
diagram is provided of a transmit branch 300, such as 
transmit branches 201-204, in accordance With an embodi 
ment of the present invention. Transmit branch 300 com 
prises a hybrid matriX ampli?cation system that includes a 
transmit branch forWard path 301 coupled to each of a ?rst, 
inner loop feedback circuit 302 and a second, outer loop 
feedback circuit 303. Transmit branch 300 is operably 
coupled to each of multiple antenna elements 385-388, such 
as transmit branch 201 and associated antenna elements 121, 
131, 141, and 151, transmit branch 202 and associated 
antenna elements 122, 132, 142, and 152, transmit branch 
203 and associated antenna elements 123, 133, 143, and 153, 
and transmit branch 204 and associated antenna elements 
124, 134, 144, and 154. 

[0025] Transmit branch forWard path 301 comprises an 
input circuit 310 coupled to a digital baseband Fourier 
Transform Matrix 320, a signal processing section 
330 coupled to baseband FTM 320, an RF FTM 360 coupled 
to signal processing section 330, and an output circuit 370 
coupled to RF FTM matriX 360. Inner loop feedback circuit 
302 comprises multiple inner loop signal couplers 355-358, 
preferably directional couplers, that each sample a signal 
output by one of multiple forWard paths of signal processing 
section 330, an inner loop signal combiner 390 coupled to 
the multiple signal couplers 355-358, an inner loop RF 
receiving unit 391 coupled to signal combiner 390, an inner 
loop RF sWitch 392 coupled to RF receiving unit 391, a RF 
demodulator 393 coupled to RF sWitch 392, an analog-to 
digital converter (A/D) 394 coupled to RF demodulator 393, 
and a compensation controller 395 coupled to A/D 394. 
Outer loop feedback circuit 303 comprises multiple outer 
loop signal couplers 381-384, preferably directional cou 
plers, that each sample one of multiple signals output by 
transmit branch forWard path 301, an outer loop signal 
combiner 396 coupled to the multiple outer loop signal 
couplers 381-384, an outer loop RF receiving unit 397 
coupled to signal combiner 396 and to RF sWitch 392, and 
RF demodulator 393, analog-to-digital converter (A/D) 394, 
and compensation controller 395. 

[0026] Each antenna of the multiple antennas 385-388 
operably coupled to transmit branch 300 is associated With 
a different antenna sector of a multi-sector antenna, such as 
the antenna elements 121, 131, 141, and 151 associated With 

Nov. 20, 2003 

transmit branch 201 and further associated With sectors 120, 
130, 140, and 150, respectively, of antenna 112. As antenna 
112 includes four sectors, hybrid matriX ampli?cation sys 
tem 300 includes four antennas 385-388 and receives four 
input signals S1, S2, S3, S4, that is, one input signal for each 
sector of the four sectors. If a three sector con?guration is 
used, only three antenna elements may be coupled to trans 
mit branch 300, that is, only antenna elements 385-387, and 
only three input signals, that is, S1, S2, and S3, may be input 
into the branch. Also, at an output side of transmit branch 
300 in a three sector con?guration, an unused output port of 
RF FTM matriX 360 that is otherWise operably coupled to a 
fourth antenna element 388 instead may be terminated With 
a 50 ohm load 369. 

[0027] Baseband FTM 320 is a 4x4 FTM that includes 
four digital, baseband FTM elements 321-324, that is, a ?rst 
input FTM element 321, a second input FTM element 322, 
a ?rst output FTM element 323, and a second output FTM 
element 324. Each FTM element 321-324 is a 2x2 FTM. 
Input FTM elements 321 and 322 are each coupled to each 
of output FTM elements 323 and 324. 

[0028] RF FTM 360 is a 4x4 FTM that includes four RF 
FTM elements 361-364, that is, a ?rst input FTM element 
361, a second input FTM element 362, a ?rst output FTM 
element 363, and a second output FTM element 364. Each 
RF FTM element 361-364 is a 2x2 FTM that comprises a 
90° hybrid- or 3 dB coupler. An FTM, such as FTM’s 320 
and 360, distributes signals received at each of multiple 
input ports of the FTM among multiple output ports of the 
FTM, so that each FTM output signal is a derivation of all 
of the FTM input signals and has a speci?c phase relation 
ship to each of the other FTM output signals. 

[0029] Transmit branch 300 processes multiple transmit 
branch input signals S1, S2, S3, and S4, received from an 
information source, such as processor 110, for transmission 
via forWard path 301 and antenna elements 385-388 as 
folloWs. Each transmit branch input signal S1, S2, S3, and S 4 
corresponds to an antenna element 385-388 coupled to 
transmit branch 300. That is, input signal S1 is intended for 
antenna element 385, input signal S2 is intended for antenna 
element 386, input signal S3 is intended for antenna element 
387, and input signal S 4 is intended for antenna element 388. 
Preferably, each of input signals S1, S2, S3, and S 4 is a digital 
baseband input signal, preferably a quadrature modulation 
information signal, Which baseband input signal includes an 
in-phase (I) component and a quadrature (Q) component. 

[0030] Transmit branch 300 routes each of input signals 
S1, S2, S3, and S4 to input section 310 of forWard path 301. 
Input section 310 routes each input signal S1, S2, S3, and S4 
to a respective gain and phase adjuster in a ?rst set of gain 
and phase adjusters 315-318 via a respective forWard path 
signal combiner of a ?rst set of forWard path signal com 
biners 311-314. Each of signal combiners 311-314 is utiliZed 
for an injection into forWard path 301 of one of multiple 
outer loop test signals T Ai, i=1, 2, 3, 4, during an outer loop 
error compensation process performed by transit branch 300 
as described beloW. Each gain and phase adjuster 315-318 
adjusts a gain and/or a phase of the signal received from the 
corresponding combiner based on an outer loop control 
signal of a set of outer loop control signals Aci, i=1, 2, 3, 4, 
received from compensation controller 395 to produce an 
adjusted signal. Preferably, a voltage variable attenuator or 
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a variable gain ampli?er included in each gain and phase 
adjuster 315-318 adjusts a gain of the received signal and a 
voltage variable phase shifter included each gain and phase 
adjuster 315-318 adjusts a phase of the received signal based 
on the outer loop control signal received from compensation 
controller 395. Each gain and phase adjuster 315-318 then 
routes the adjuster’s adjusted signal to a respective input 
port 320a, 320b, 320c, and 320d of digital, baseband 4><4 
FTM 320. 

[0031] Based on the adjusted signals received from gain 
and phase adjusters 315-318, FTM 320 produces, as 
described in greater detail beloW, output signals U1, U2, U3, 
and U4 at respective output ports 320e-320h of the FTM. 
Each output signal U1, U2, U3, and U4 is then routed to 
signal processing section 330. Signal processing section 330 
includes multiple, preferably four, forWard paths, Wherein 
the number of forWard paths corresponds to the number of 
output signals U1, U2, U3, and U4 received by section 330 
from FTM 320 and to the number of antenna elements 
385-388 coupled to transmit branch 300. Each forWard path 
of the four signal processing section 330 forWard paths 
provides for RF modulation and ampli?cation of a signal 
received from FTM 320. Each signal processing section 330 
forWard path includes a signal combiner of a second set of 
forWard path signal combiners 331-334 coupled to a gain 
and phase adjuster of a second set of gain and phase 
adjusters 335-338, one of multiple digital-to-analog convert 
ers (D/A) 340-343 coupled to the gain and phase adjuster, 
one of multiple RF modulators 345-348 coupled to the D/A, 
and one of multiple RF poWer ampli?ers 350-353 coupled to 
the RF modulators. Each of signal combiners 331-334 is 
utiliZed by transmit branch 300 for an injection into forWard 
path 301 of one of multiple inner loop test signals Tci, i=1, 
2, 3, 4, during an inner loop error compensation process 
performed by the transmit branch as described beloW. 

[0032] In a ?rst forWard path of the four forWard paths of 
signal processing section 330, signal U1 is routed to a ?rst 
gain and phase adjuster 335 in the second set of gain and 
phase adjusters 335-338 via signal combiner 331. In a 
second forWard path of the four forWard paths of section 
330, output signal U2 is routed to a second gain and phase 
adjuster 336 in the second set of gain and phase adjusters 
335-338 via signal combiner 332. In a third forWard path of 
the four forWard paths of section 330, output signal U3 is 
routed to a third gain and phase adjuster 337 in the second 
set of gain and phase adjusters 335-338 via signal combiner 
333. In a fourth forWard path of the four forWard paths of 
section 330, output signal U4 is routed to a fourth gain and 
phase adjuster 338 in the second set of gain and phase 
adjusters 335-338 via signal combiner 334. 

[0033] Each gain and phase adjuster 335-338 adjusts a 
gain and/or phase of the signal received from a respective 
combiner 331-334 based on an inner loop control signal of 
multiple inner loop control signals Gc4, Gc3, GCZ, and Gc1 
received from compensation controller 395 to produce a 
further adjusted signal. Preferably, a voltage variable attenu 
ator or a variable gain ampli?er included in each gain and 
phase adjuster 331-334 adjusts a gain of the received signal 
and a voltage variable phase shifter included each gain and 
phase adjuster 331-334 adjusts a phase of the received signal 
based on the inner loop control signal received from com 
pensation controller 395. Each gain and phase adjuster 
335-338 then routes the adjuster’s gain and/or phase 

Nov. 20, 2003 

adjusted signal to a respective D/A 340-343. Each D/A 
340-343 converts the gain and/or phase adjusted signal 
received from a respective gain and phase adjuster 335-338 
to an analog signal and routes the analog signal to a 
respective RF modulators 345-348. Each RF modulator 
345-348 modulates an RF carrier, ejwt, With the analog signal 
received from a respective D/A 340-343 to produce an RF 
modulated signal and routes the modulated signal to a 
respective RF poWer ampli?er 350-353. Each RF poWer 
ampli?er 350-353 ampli?es the RF modulated signal 
received from a respective RF modulator 345-348 to pro 
duce a respective ampli?ed signal P1, P2, P3, P4, that is then 
output by the RF poWer ampli?er and by signal processing 
section 330. Each of ampli?ed signals P1, P2, P3, P4, is then 
routed, by section 330, to a respective input port 360a, 360b, 
360c, and 360d of RF FTM 360 via a respective inner loop 
signal coupler 355-358. 

[0034] Based on the ampli?ed signals P1, P2, P3, P4 
received from RF poWer ampli?ers 350-353, RF FTM 360 
produces, as described in greater detail beloW, output signals 
R1, R2, R3, and R4 at respective output ports 360e-360h of 
the FTM. FTM 360 routes each output signal R1, R2, R3, and 
R4 to a respective antenna element 385-388 via a respective 
dupleXer 371-374 and a respective outer loop signal coupler 
381-384. As each FTM output signal R1, R2, R3, and R4 
propagates from FTM 360 to a respective antenna element 
385-388, each FTM output signal R1, R2, R3, and R4 is 
subjected to a respective output path signal attenuation A1, 
A2, A3, and A4, Which attenuation is represented by elements 
375-378 in FIG. 3. 

[0035] Referring noW to FIGS. 4, 5, and 6, a 4x4 FTM, 
such as FTM’s 320 and 360, and 2x2 FTM’s, such as FTM 
elements 321-324 of FTM 320 and FTM elements 361-364 
of FTM 360, are illustrated in accordance With an embodi 
ment of the present invention. FIG. 4 is a block diagram of 
a 2x2 baseband FTM 400, such as FTM elements 321-324, 
in accordance With an embodiment of the present invention. 
FTM 400 includes 4 ports: tWo input ports 401, 402 and tWo 
output ports 403, 404. When a ?rst signal, V1, is received at 
a ?rst input port 401 of the tWo input ports, the signal is 
coupled to each of a ?rst output port 403 and a second output 
port 404, With a 90° phase rotation introduced to the signal 
coupled to the second output port. As a result, a phase of the 
signal then transmitted from second output port 404 is offset 
by 900 from a phase of a signal then transmitted from ?rst 
output port 403. Similarly, When a second signal, V2, is 
received at a second input port 402 of the tWo input ports, 
the signal is coupled to each of second output port 404 and 
?rst output port 403, With a 90° phase rotation introduced to 
the signal coupled to the ?rst output port. As a result, a phase 
of the signal then transmitted from ?rst output port 403 is 
offset by 900 from a phase of a signal then transmitted from 
second output port 404. 

[0036] Preferably each of input signals V1 and V2 is a 
quadrature modulated signal, Wherein V1=I1+jQ1 and 
V2=I2+jQ2. When V1 is applied to ?rst input port 401 and V2 
is applied to second input port 402, the output signals V3 and 
V4 respectively appearing at output ports 403 and 404 may 
be represented by the equations 
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[0037] The transfer function of FTM element 400 may 
then be represented by the equation 

[EH22 ZZllZiHi fllill 

[0038] FIG. 5 is a block diagram of a 2x2 RF FTM 500, 
such as FTM elements 361-364, in accordance With an 
embodiment of the present invention. FTM 500 includes 4 
ports—tWo input ports 501, 502 and tWo output ports 503, 
504. When a signal, V1, is received at a ?rst input port 501 
of the tWo input ports, the poWer or energy of the signal is 
split into tWo equal quantities, With one quantity fed to a ?rst 
output port 503 and the other quantity fed to a second output 
port 504. Aphase of the signal then transmitted from second 
output port 504 is phase rotated by 90°, or one-quarter 
Wavelength, from a phase of a signal then transmitted from 
?rst output port 503. Similarly, When a signal is received at 
a second input port 502 of the tWo input ports, the poWer or 
energy of the signal is split into tWo equal quantities, With 
one quantity fed to ?rst output port 503 and the other 
quantity fed to second output port 504. Aphase of the signal 
then transmitted from ?rst output port 503 is phase rotated 
by 900, or one-quarter Wavelength, from a phase of a signal 
then transmitted from second output port 604. 

(1) 

[0039] RF FTM 500 may be represented by the folloWing 
equations. When VI is applied to ?rst input port 501 and V2 
is applied to second input port 502, the output signals V3 and 
V4 respectively appearing at output ports 503 and 504 are 
represented by the equations 

[0040] The transfer function of RF FTM 500 may then be 
represented by the equation 

If 

L817 L *1" (2) 

[vs] V“ '"zllv‘l I? I? ["l 
V4 m3 m4 V2 LE1" LE1; V2 

2 ‘[5 

Z1 m1 m2 0 0 m1 m2 0 

Z2 m3 m4 0 O O 0 ml 

13 O 0 m1 m2 m3 m4 O 

14 O 0 m3 m4 0 
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[0041] Within a constant, the mi’s in each of above equa 
tions (1) and (2) are the same. 

[0042] FIG. 6 is a block diagram of a 4x4 FTM 600, such 
as FTM’s 320 and 360, in accordance With an embodiment 
of the present invention. FTM 600 includes tWo input 2x2 
FTM’s 601, 602, and tWo output 2x2 FTM’s 603, 604. As 
described above With respect to 2x2 FTM’s 400 and 500, 
each 2x2 FTM 601-604 includes tWo input ports and tWo 
output ports. The input 2x2 FTM’s 601 and 602 may 
together be represented by a transfer function 

yr "11 m2 0 0 X1 (3) 

)’2 m3 m4 0 0 X2 

0 m1 m2 x3 

0 m3 m4 x4 

[0043] Wherein X1 and X2 are signals respectively input 
into each of a ?rst input port and a second input port of input 
FTM element 601, X3 and X4 are signals respectively input 
into each of a ?rst input port and a second input port of input 
FTM element 602, y1 and y2 are signals respectively output 
by each of a ?rst output port and a second output port of 
input FTM element 601, and y3 and y4 are signals respec 
tively output by each of a ?rst output port and a second 
output port of input FTM element 602. Coef?cients mi, 
i=1,2,3, and 4 are complex numbers that represent the phase 
and amplitude relationship betWeen the input and output 
signals of each FTM 601, 602. Ideally, each 2x2 FTM 
included in a 4x4 FTM is identical to the other 2x2 FTM’s 
of the 4x4 FTM, and therefore the corresponding coef? 
cients mi, i=1,2,3, and 4 for each 2x2 FTM 601, 602, 603, 
and 604 included in 4><4 FTM 600 are the same. 

[0044] The signals output by ?rst input FTM 601, that is, 
y1 and y2, are respectively input into a ?rst input port of ?rst 
output FTM element 603 and a ?rst input port of second 
output FTM element 604. The signals output by second 
input FTM 602, that is, y3 and y4, are respectively input into 
a second input port of ?rst output FTM 603 and a second 
input port of second output FTM 604. First output FTM 603 
outputs a signal Z1 from a ?rst output port of FTM 603 and 
a signal Z2 from a second output port of FTM 603 and second 
output FTM 604 outputs a signal Z3 from a ?rst output port 
of FTM 604 and a signal Z4 from a second output port of 
FTM 604. As a result, a transfer function of FTM 600 may 
be represented by the folloWing equation, 
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[0045] By substituting into equation (4) the corresponding 
2x2 FTM transfer function components for FTM elements 
321-324 of 4x4 baseband FTM 320, or the corresponding 
2x2 FTM transfer function components for the FTM ele 
ments 361-364 of 4x4 RF FTM 360, an FTM transfer 
function for the corresponding 4><4 FTM can accordingly be 
obtained. 

[0046] Furthermore, With respect to 4><4 baseband FTM 
320, When the inputs to the FTM are S4, S3, S2, S1, the 
outputs of the FTM are U1, U2, U3, U4, and the coefficients 
of FTM elements 321-324 are m1=m4=1 and m2=m3=j. A 
substitution of these values into equation (4) results in the 
folloWing equation, 

[0047] When only S1 is input into FTM 320, equation (5) 
becomes 

U1 1 j j —1 0 —S1 (6) 

U: U2 : j —1 1 j 0 : 1'51 I 

Us I 1 —1 j 0 1'51 

[0048] From equation (6) it is apparent that the amplitude 
of the four signals output at the output ports of output FTM 
elements 323 and 324, and therefore output by FTM 320, is 
the same as |S1|. Thus, the poWer is evenly distributed among 
each of the four output ports of FTM 320 and for any one of 
the input signals, FTM 320 alWays distributes the incoming 
signal poWer evenly among all four of RF poWer ampli?ers 
350-353 of signal processing section 330. Furthermore, by 
using FTM 360, a desired ampli?ed signal is seen at only 
one of the multiple transmit antenna elements 385-388. That 
is, by using both a ?rst FTM 320 and a second FTM 360, a 
poWer sharing that is accorded to a signal applied to the ?rst 
FTM, such as an outer loop test signal T Ai, is redirected to 
a speci?c antenna element 385-388 by the second FTM. 

[0049] As is Well knoWn to those of ordinary skill in the 
art, the amplitude and phase of signals that propagate 
through forWard path 301 of transmit branch 300 can change 
over the time. For example, parts differences due to varied 
cable lengths or component aging may produce gain and 
phase mismatches for signals propagating through a transmit 
branch forWard path. Gain and phase mismatch may, in turn, 
cause an undesired leak of poWer from a signal propagation 
path intended for one antenna element to a signal propaga 
tion path intended for another antenna element, resulting in 
interference in other antenna and coverage sectors. In addi 
tion, such leakage may result in loWer than intended poWer 
levels at the intended transmit antenna element. In adaptive 
antenna array applications, such poWer leakage may result in 
an undesired antenna beam pattern. 
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[0050] In order to compensate for such changes, transmit 
branch 300 executes an error compensation process that 
provides that signals transmitted by antenna elements 385 
388 are as expected. Since a shutting doWn of a B55 is 
undesirable once the B55 is set up and operating in the ?eld, 
the error compensation process may be executed by transmit 
branch 300 during BSS setup in order to calibrate the B55 
or may be self-executed by the B55 during operation, 
Without shutting doWn, in order to provide compensation for 
changes in the B55 that occur over time. Transmit branch 
300 includes tWo error compensation loops, an inner feed 
back loop and an outer feedback loop. Correspondingly, the 
error compensation process executed by transmit branch 300 
may be divided into tWo stages, a ?rst, inner loop error 
compensation stage and a second, outer loop error compen 
sation stage. The inner loop error compensation stage com 
pensates for error introduced by the baseband and RF paths 
betWeen FTMs 320 and 360, that is, in signal processing 
section 330, While the outer loop error compensation stage 
compensates for phase and amplitude errors in signals input 
by transmit branch 300 to antenna elements 385-388. 

[0051] In the inner loop error compensation stage, error 
introduced into transmit branch forWard path 301 by signal 
processing section 330 is compensated for by an inner 
feedback loop comprising signal processing section 330 and 
inner loop feedback circuit 302. In the outer loop error 
compensation stage, all residual error introduced into a 
signal routed through transmit branch forWard path 301, 
after error compensation may be performed by the inner 
feedback loop, is compensated for by an outer feedback loop 
comprising transmit branch forWard path 301 and outer loop 
feedback circuit 303. Preferably, the inner loop error com 
pensation stage is executed prior to the execution of the 
outer loop error compensation stage. HoWever, those Who 
are of ordinary skill in the art realiZe that either the inner 
loop error compensation stage or the outer loop error com 
pensation stage may be executed Without executing the 
other, although optimal error compensation is achieved by 
executing both the inner loop and outer loop error compen 
sation stages. 

[0052] In order to compensate for amplitude and phase 
errors, each test signal of a set of predetermined complex 
inner loop test signals, TGi, i=1, 2, 3, 4, is injected into a 
forWard path of the inner feedback loop, and each test signal 
a set of predetermined complex outer loop test signals, T Ai, 
i=1, 2, 3, 4, is injected into a forWard path of the outer 
feedback loop. Each test signal of the sets of inner loop and 
outer loop test signals is orthogonal to an ordinary input 
signal of transmit branch 300, that is, Si, i=1, 2, 3, 4, (for 
example, use an unused Walsh code With PN spreading), and 
to each other. Each test signal of the sets of inner loop and 
outer loop test signals also comprises less poWer that the 
ordinary input signals of transmit branch 300. Since each 
test signal is orthogonal to the ordinary input signals, Si, i=1, 
2, 3, 4, it is permissible to assume that the ordinary input 
signals are Zero. Propagation of each test signal through a 
forWard path of the test signal’s corresponding inner loop or 
outer loop produces multiple inner loop or outer loop output 
signals. Each loop’s feedback circuit samples the loop’s 
multiple output signals and combines the multiple sampled 
output signals. The loop correlates, or compares, the com 
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bined signal With a delayed version of the test signal and 
produces a control signal based on the correlation, or com 
parison. The control signal is used by the loop to adjust a 
signal input into the loop, thereby providing compensation 
for error introduced by the loop’s forWard path to a signal 
input into the loop. 

[0053] FIG. 7 is a logic ?oW diagram 700 of steps 
eXecuted by the inner feedback loop of transmit branch 300 
in performing an inner loop error compensation process in 
accordance With an embodiment of the present invention. As 
noted above, since the inner loop test signals TGi, i=1, 2, 3, 
4, are orthogonal to the transmit branch input signals Si, i=1, 
2, 3, 4, the output of the baseband FTM 320 may be assumed 
to be Zero. Logic ?oW diagram 700 begins When a ?rst test 
signal, Tci, of the inner loop test signals TGi, i=1, 2, 3, 4, is 
injected into the inner feedback loop, and in particular is 
coupled (702) to signal processing section 330. In one 
embodiment of the present invention, the inner loop test 
signals may be injected into the inner feedback loop during 
an error compensation process that is eXecuted during setup, 
start up, or shutdoWn of BSS 102, When transmit branch 300 
is not receiving any input signals Si, i=1, 2, 3, 4. In another 
embodiment of the present invention, the test signals may be 
injected into the inner feedback loop during operation of 
BSS 300. In the latter instance, since each of test signals TGi, 
i=1, 2, 3, 4, preferably is orthogonal to each of ordinary 
input signals S1, S2, S3, and S4, each of signals U1, U2, U3, 
and U4 output by FTM 320 may be assumed to be Zero for 
the purpose of understanding the principles of an operation 
of the inner loop error compensation process. 

[0054] The ?rst test signal is coupled to a ?rst combiner 
331 of multiple combiners 331-334 in a ?rst forWard path of 
the multiple forWard paths of signal processing section 330. 
Combiner 331 produces an output signal that is a combina 
tion of signal U, and test signal TG1 (during system setup or 
system calibration, signals U1, U2, U3, U4, may each be 
Zero). Combiner 331 then routes the combined signal to gain 
and phase adjuster 335. Gain and phase adjuster 335 adjusts 
(704) a gain and/or phase of the combined signal, Which 
includes the test signal, based on control signal Gc4 received 
from compensation controller 395 to produce an adjusted 
signal. Preferably, a voltage variable attenuator or a variable 
gain ampli?er included in gain and phase adjuster 335 
adjusts a gain of the signal received from signal combiner 
331 and a voltage variable phase shifter included gain and 
phase adjuster 335 adjusts a phase of the signal received 
from a signal combiner 331 based on the control signal 
received from compensation controller 395. The adjusted 
signal is then routed to D/A340, Where the gain and/or phase 
adjusted signal is converted (706) to an analog signal that is 
routed to RF modulator 345. RF modulator 345 modulates 
(708) an RF carrier, eJ-wt, With the analog signal and routes 
the resulting RF modulated signal to RF poWer ampli?er 
350. RF poWer ampli?er 350 ampli?es (710) the RF modu 
lated signal to produce an ampli?ed signal, Pi, i=1, corre 
sponding to test signal TGi, i=1, Which ampli?ed signal is 
output by RF poWer ampli?er 350 and by signal processing 
section 330 to produce a signal processing section output 
signal. 
[0055] In the embodiment of the present invention 
Wherein the inner loop error compensation process is 
eXecuted during operation of BSS 300, the remaining signals 
U2, U3, U4 received by signal processing section 330 from 
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FTM 320 are each routed by their respective signal com 
biner 332-335 to a respective inner loop signal coupler 
355-358 via a respective gain and phase adjuster 336-338, a 
respective D/A 341-343, a respective RF modulator 345 
348, and a respective RF poWer ampli?er 350-353. HoW 
ever, as noted above, since each of test signals TGi, i=1, 2, 
3, 4, preferably is orthogonal to each of original signals S1, 
S2, S3, and S4, each of signals U1, U2, U3, and U4 may be 
assumed to be Zero for the purpose of understanding the 
principles of an operation of the inner loop error compen 
sation process. 

[0056] Signal processing section output signal P1, that is, 
ampli?ed signal P1, is then routed to inner loop feedback 
circuit 302 via a ?rst inner loop signal coupler 355 of the 
multiple inner loop signal couplers 355-358. Inner loop 
feedback circuit 302 then determines (712) an inner loop 
error based on the signal processing section output signal P1 
received by the inner loop feedback circuit and produces 
(714) an inner loop control signal GCi based on the deter 
mined inner loop error. Inner loop feedback circuit 302 
conveys the inner loop control signal GCi to a gain and phase 
adjuster 335-338 in the signal processing section 330, Where 
a gain and/or a phase of a signal input into forWard path 301 
such as an informational signal Si, a subsequently input 
inner loop test signal TGi, and/or an outer loop test signal 
T Ai, is adjusted based on the inner loop control signal. 

[0057] FIG. 8 is a logic ?oW diagram 800 of the steps 
eXecuted by inner loop feedback circuit 302 to produce an 
inner loop control signal GCi based on a received signal 
processing section output signal Pi in accordance With an 
embodiment of the present invention. Logic ?oW diagram 
800 begins When inner loop signal coupler 355 samples 
(802) signal processing section output signal Pi, i=1, to 
produce an attenuated version of output signal P1 and routes 
the attenuated output signal to RF receiving unit 391 via 
signal combiner 390. RF receiving unit 391 pre-ampli?es 
and scales (804) the attenuated output signal received from 
combiner 390 to produce an inner loop feedback signal Qli, 
i=1 and routes inner loop feedback signal Q11 to RF 
demodulator 393 via RF sWitch 392. Preferably, RF sWitch 
392 is coupled to, and controlled by, compensation control 
ler 395. Since inner loop feedback signal Q11 is a product of 
the injection of the ?rst inner loop test signal TG1 of the 
multiple inner loop test signals TGi, inner loop feedback 
signal Q11 may be represented in a matriX format by the 
equation 

Tc] Tc] (7) 
0 

Q1 =QTG1 O = [111 112 113 l14]G1 

0 0 

[0058] Wherein the vector g is a coefficient vector repre 
sentative of the four inner loop signal couplers 355-358 and 
inner loop signal combiner 390. 

[0059] RF demodulator 393 demodulates (806) the inner 
loop feedback signal Q11 to produce a baseband signal and 
routes the baseband signal to A/D 394. A/D 394 digitiZes 
(808) the baseband signal to produce a digitiZed signal IGi, 
i=1, at node SZi, Which signal may be represented by the 
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equation I=oq(Gi+AGi)TG1*Gci, i=1. A/D 394 then route 
the digitized signal IGi, i=1, to compensation-controller 
395. Compensation controller 395 compares (810) the digi 
tiZed signal IGi, i=1, to a desired signal T*Gi, i=1, to produce 
an inner loop correlation value fGi, i=1. Compensation 
controller 395 then compares (812) inner loop correlation 
value f1 to a knoWn, desired correlation value f1 and, based 
on the comparison, produces (814) an inner loop control 
signal Gci, i=1. Compensation controller 395 then conveys 
control signal Gc1 to gain and phase adjuster 335, Where a 
gain and/or a phase of a forWard path signal input into the 
gain and phase adjuster, such as an information signal Si, 
i=1, an outer loop test signal TAi, i=1, and/or an inner loop 
test signal TGi, i=1, is adjusted based on the control signal. 

[0060] Compensation controller 395 preferably comprises 
one or more microprocessors, microcontrollers, digital sig 
nal processors (DSPs), combinations thereof or other such 
devices knoWn to those having ordinary skill in the art, or 
alternatively may be included in processor 110. For each 
received digitiZed signal IGi, compensation controller 395 
compares the received digitiZed signal A, to a desired A/D 
394 output signal T*Gi to produce an inner loop correlation 
value f. Compensation controller 395 then compares inner 
loop correlation value f to a knoWn, desired correlation 
value f and, based on the comparison, produces a control 
signal GCi that controller 395 conveys to a gain and phase 
adjuster 335-338. 

[0061] When the inner loop error compensation process is 
executed during operation of BSS 300, the digitiZed signals 
A, received by compensation controller 395 comprises an 
inner loop test signal portion and an input signal portion. As 
described in detail above, each inner loop test signal TGi, 
i=1, 2, 3, 4, is orthogonal to an ordinary input signal of 
transmit branch 300, that is, Si, i=1, 2, 3, 4, With less poWer 
(for eXample, use an unused Walsh code With PN spreading). 
Due to the orthogonal relationship, compensation controller 
395 is able to separate the inner loop test signal portion of 
the ampli?cation section output signal from the input signal 
portion of the ampli?cation section output signal by utiliZing 
Well knoWn signal processing techniques, such as the tech 
niques used by a signal processor in a typical code division 
multiple access (CDMA) receiver to separate data intended 
for the receiver from all other data transmitted in the same 
bandWidth but coded With Walsh codes different from the 
intended data. Since the input signals of transmit branch 
300, that is, Si, i=1, 2, 3, 4, can be separated out of the inner 
loop combined signal by compensation controller 395, it is 
permissible to assume that the input signals Si, i=1, 2, 3, 4, 
are Zero for the purpose of understanding the operation of 
the inner feedback loop. 

[0062] Similar to the injection of inner loop test signal TGi 
into a ?rst signal combiner 331 of multiple input loop signal 
combiners 331-334 in a ?rst forWard path of the multiple 
forWard paths of signal processing section 330, inner loop 
test signals T62, T63, and TG4 are each injected into a 
respective input loop signal combiner 332-335. Each of 
signal combiners 332-335 combines a received test signal 
With respective FTM 320 output signals U2, U3, and U4 
(assuming that BSS 102 is in operation When the error 
compensation process is being executed). As noted above, 
for the purposes of the present invention, FTM 320 output 
signals U2, U3, and U4 may be assumed to be Zero. Each 
signal combiner 332-334 then conveys its combined signal 
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to a respective gain and phase adjuster 336-338, Where a 
gain and/or phase of each signal is adjusted to produce an 
adjusted signal based on a respective control signal GCZ, 
GC3 and Gc4 received by the gain and phase adjuster from 
compensation controller 395. Preferably, a voltage variable 
attenuator or a variable gain ampli?er included in the gain 
and phase adjuster adjusts a gain of the signal received from 
the input loop signal combiner and a voltage variable phase 
shifter included in the gain and phase adjuster adjusts a 
phase of the signal received from a the input loop signal 
combiner based on the control signal. Each gain and phase 
adjuster 336-338 then routes its respective gain and/or phase 
adjusted signal to a respective D/A 341-343, Where the 
received gain and/or phase adjusted signal is converted to an 
analog signal that is then routed to a respective multiplier 
346-348. Each multiplier 346-348 modulates the received 
analog signal With an RF carrier, ejwt, and routes the modu 
lated signal to a respective RF poWer ampli?er 351-353. 
Each RF poWer ampli?er 351-353 ampli?es the received 
modulated signal to produce a respective ampli?ed signal, 
P2, P3, P4, Which ampli?ed signal is output by the RF poWer 
ampli?er and by signal processing section 330. 

[0063] Each signal processing section 330 output signal, 
that is, each of ampli?ed signals P2, P3, P4, is then routed to 
inner loop feedback circuit 302 via a respective inner loop 
signal coupler 356-358 of the multiple inner loop signal 
couplers 355-358. Each inner loop signal coupler 356-358 
samples the respectively received ampli?ed signal P2, P3, P4 
to produce an attenuated version of the ampli?ed signal and 
routes the attenuated ampli?ed signal to RF receiving unit 
391. RE receiving unit 391 pre-ampli?es and scales each 
attenuated ampli?ed signal received from an inner loop 
signal coupler 356-358 to produce respective inner loop 
feedback signals Qli, i=2, 3, and 4, that is, Q12, Q13, and Q14, 
and routes each inner loop feedback signal Q12, Q13, and Q14 
to RF demodulator 393 via RF sWitch 392. 

[0064] RF demodulator 393 demodulates each inner loop 
feedback signal Q12, Q13, and Q14 to produce a baseband 
signal and routes each baseband signal to A/D 394. A/D 394 
digitiZes each baseband signal to produce a digitiZed signal 
IGi, i=2, 3, 4, at node SZi, Which signals may be represented 
by the equation IGi, (Xi=(Gi+AGi) TGiGcl, i=2, 3, 4. A/D 394 
then routes each digitiZed signal IGi, i=2, 3, 4, to compen 
sation controller 395. Compensation controller 395 the 
compares each digitiZed signal IGi, i=2, 3, 4, to a desired 
signal T*Gi, i=2, 3, 4, to produce an inner loop correlation 
value fi, i=2, 3, 4. Compensation controller 395 then com 
pares each inner loop correlation value fi, i=2, 3, 4 to a 
knoWn, desired correlation value fi, i=2, 3, 4, and, based on 
each comparison, produces a corresponding control signal 
Gci, i=2, 3, 4, that is conveyed to a respective gain and phase 
adjuster 336-338. The control signal is designed to produce 
an adjustment of a gain and/or a phase of a inner loop test 
signal input into a gain and phase adjuster 336-338 so that 
a comparison of the corresponding digitiZed signal 1G to the 
desired signal T*Gi Will yield the desired correlation value fi. 

[0065] In one embodiment of the present invention, com 
pensation controller 395 may adjust a gain and/or a phase 
incrementally, that is, producing a ?rst control signal to 
implement a ?rst adjustment in an inner loop test signal TGi, 
measuring and comparing a resulting digitiZed signal IGi, 
producing a second control signal to implement a further 
adjustment in the inner loop test signal Tci, again measuring 
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and comparing a resulting digitized signal TGi, and so on. In 
another embodiment of the present invention, compensation 
controller 395 may adjust a gain and/or a phase by use of a 
successive approximation routine In yet another 
embodiment of the present invention, controller 395 may 
make a single adjustment that is designed to align the 
digitiZed signal 1G with the desired signal T*Gi so as to 
yield the desired correlation value fi. 

[0066] In a vector representation of the above process, 
inner loop feedback signals Qi Q13 and Q14 may be obtained 
by respectively representing each individual inner loop test 
signal T62, T63, TG4 as a folloWing vector 

0 0 0 (8) 

TG2 0 0 

0 Tc; 0 

0 0 T54 

[0067] With a corresponding inner loop test signal vector 
that may be represented as IG=[TG1, T62, T63, TG4]T. Inner 
loop feedback circuit 302, and compensation controller 395 
in particular, then determines a gain correction vector §ci= 
[Gc4, Gc3, GCZ, Gcl], based on the inner loop test signal 
vector, such that the signals output by the forWard paths of 
signal processing section 330 are consistent With each other 
and equal to a knoWn value. 

[0068] Control signals Gc4, Gc3, GCZ, and Gc1 are each 
designed to adjust the ampli?ed signals produced by each 
forWard path of the multiple forWard paths of signal pro 
cessing section 330 so that the ampli?ed signals are aligned 
With each other in their phase and their gain. In a matriX 
format, control signals Gc4, Gc3, GCZ, and Gc1 may be 
represented by the folloWing signal processing section 330 
gain and phase control signal, or correction, coef?cient 
matriX Gcc corresponding to the gain correction vector Cci. 

Ge] 0 O O (9) 

[0069] The gain and phase introduced to each modulated 
signal by RF poWer ampli?ers 350-353 may also be repre 
sented by an RF ampli?er gain and phase matriX, as folloWs 

G1+AG1 0 0 0 (10) 

0 G2 + AC2 0 0 

G = 0 0 G3 + AC3 0 

0 0 0 G4 + AC4 

[0070] Wherein G1 is the gain of RF ampli?er 350, G2 is 
the gain of RF ampli?er 351, G3 is the gain of RF ampli?er 
352, G4 is the gain of RF ampli?er 353, and AGi, i=1, 2, 3, 
4 is the ampli?er gain and phase error for each of RF 
ampli?ers 350-353. 
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[0071] A relationship betWeen a test signal TGi and its 
corresponding A/D 394 output 

[0072] signal IGi, then may be represented by the folloW 
ing equations. A transformation for an input, ‘X,’ and an 
output, ‘y,’ of a D/A may be represented by an equation 

y=DA(X) (11) 

[0073] When the system is an A/D, such as A/D 394, and 
‘y’ is used as an input and ‘X’ is used as an output, the system 
may be represented by an equation 

X=DA’1(>’)- (12) 
[0074] Assume there is only one test signal, TGi, and other 
signals are all considered to be Zero. At the output of RF 
poWer ampli?er 350-353, that is, at the output of signal 
processing section 330, the ampli?ed signal Pi may be 
represented by the equation 

Pi=DA(TGiGCi)eJ-w‘(Gi+AGi) (13) 
[0075] Then, at the output of RF receiving circuit 391, the 
signal Q1 may be represented by the equation 

Q1i=a1P i (14) 

[0076] Wherein 0t is the coupling coefficient representing 
inner loop signal couplers 355-358 and inner loop signal 
combiner 390. The output of the A/D 394, that is, TGi, can 
then be represented by the folloWing equation 

iGi=DAT1(eTjw‘Q1)=a(Gi+AGi)TGiGCi' (15) 
[0077] The value of GCi can then be updated recursively as 
folloWing 

7 . <16> 
Galk) = TGci(/< — 1) (l: 1,2,14) 

f 

[0078] Wherein f is the correlation value betWeen a 
desired test signal T*Gi and the actual output signal IGi 
received from A/D 394 and f is a desired calibrated corre 
lation value obtained during off-line calibration. With a 
calibrated subsystem, AGi=0, and based on equation (16), 
the output of A/D 394 becomes 

i=otGiTGiGci. (17) 
[0079] Performing correlation, f may be represented by 
the folloWing equation 

[0080] Assuming that 

ZTciTEi =1, (19) 
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[0081] wherein Tci’F is the desired output of A/D 394, then 
equation (14) may be simpli?ed to the following equation 

f=aG1Gcr (20) 

[0082] Similarly, f may be represented by the following 
equation 

f = 2 MG; + mum-Tam - MG; + A606..- (21) 
n 

[0083] Then, combining equations (20) and (21), 

f _ G; (22) 

f _ G; + AG’ 

[0084] and equation (16) can be written as 

Gk- GIG/<1 '—1234 (23) 
ci()—m ci(—) 0- , , a) 

[0085] When AGi is positive, meaning Gi is increasing, the 
ratio Gi/(Gi+AGi) becomes smaller, which causes the value 
of GCi to decrease. When AGi is negative, meaning Gi is 
decreasing, the ratio Gi/(Gi+AGi) becomes larger, which 
causes the value of Gi to increase. Thus, the value of Gi, 
always moves to the opposite direction of AGi, providing an 
effective compensation to the error of power ampli?er gain. 

[0086] In sum, in the inner loop compensation process, 
each test signal of a set of predetermined complex inner loop 
test signals, TGi, i=1, 2, 3, 4, is injected into a forward path 
of the inner feedback loop, and-in particular into a forward 
path of a signal processing section 330. Propagation of the 
inner loop test signal through a forward path of the signal 
processing section 330 produces a corresponding inner loop 
output signal Pi, i=1, 2, 3, 4. The inner loop feedback circuit 
302 samples the inner loop output signal and compensation 
controller 395 of the inner loop feedback circuit 302 com 
pares the sampled signal to a desired signal, preferably a 
delayed version of the test signal, to produce a comparison. 
Preferably, the sampled signal is correlated with the desired 
inner loop output signal to produce a correlation value, 
which correlation value is then compared to a desired 
correlation value to produce the comparison. Based on the 
comparison, compensation controller 395 produces a corre 
sponding inner loop control signal Gci, i=1, 2, 3, 4, that is 
supplied to a corresponding gain and phase adjuster 335-338 
in a propagation path of the test signal through signal 
processing section 330. Based on the received control signal 
Gci, i=1, 2, 3, 4, the corresponding gain and phase adjuster 
335-338 adjusts at least one of a gain and a phase of a signal 
subsequently coupled to the signal processing section 330 in 
order to optimiZe a correlation of the desired inner loop 
output signal and an inner loop output signal derived from 
the subsequently coupled signal. 

[0087] FIG. 9 is a logic ?ow diagram 900 of steps 
executed by the outer feedback loop of transmit branch 300 
in performing an outer loop error compensation process in 
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accordance with an embodiment of the present invention. 
Logic ?ow diagram 900 begins when a ?rst test signal, T A4, 
of the outer loop test signals T Ai, i=1, 2, 3, 4, is injected into 
the outer feedback loop and is coupled (902) to FTM 320 via 
a ?rst signal combiner 311 of the multiple signals combiners 
311-314 and a ?rst gain and phase adjuster 315 of the 
multiple gain and phase adjusters 315-318. Similar to the 
inner loop error compensation stage and inner loop test 
signals TGi, i=1, 2, 3, 4, in one embodiment of the present 
invention, the outer loop test signals may be injected into the 
outer feedback loop during an error compensation process 
that is executed during setup, start up, or shutdown of BSS 
102, when transmit branch 300 is not receiving any input 
signals Si, i=1, 2, 3, 4. In another embodiment of the present 
invention, the test signals may be injected into the outer 
feedback loop during operation of BSS 300. In the latter 
instance, since each of test signals T Ai, i=1, 2, 3, 4, prefer 
ably is orthogonal to each of ordinary input signals S1, S2, 
S3, and S4, each of input signals S1, S2, S3, and S4 may be 
assumed to be Zero for the purpose of understanding the 
principles of an operation of the outer loop error compen 
sation process. 

[0088] Signal combiner 311 produces an output signal that 
is a combination of input signal S1 and test signal TG1 
(assuming that BSS 102 is in operation during the execution 
of the outer loop error compensation process). Combiner 
311 then routes the combined signal to a ?rst gain and phase 
adjuster 315 of the ?rst set of multiple gain and phase 
adjusters 315-318. Gain and phase adjuster 315 adjusts a 
gain and/or phase of the combined signal based on an outer 
loop control signal Ac4 received from compensation con 
troller 395. Preferably, a voltage variable attenuator or a 
variable gain ampli?er included in gain and phase adjuster 
315 adjusts a gain of the signal received from combiner 311 
and a voltage variable phase shifter included gain and phase 
adjuster 315 adjusts a phase of the signal received from a 
combiner 311 based on the control signal received from 
compensation controller 395. The gain and/or phase 
adjusted signal is then routed to FTM 320, where the 
adjusted signal is coupled to each of FTM 320 output ports 
320e-320h to produce multiple FTM output signals U1, U2, 
U3, and U4 as described above. Each output signal of the 
multiple FTM output signals U1, U2, U3, and U4 is then 
routed to a forward path of the multiple forward paths of 
signal processing section 330. 

[0089] In each forward path of the multiple forward paths 
of signal processing section 330, a received FTM output 
signal U1, U2, U3, and U4 is modulated onto an RF carrier 
and ampli?ed (904) to produce an ampli?ed RF modulated 
signal. In particular, each of the multiple FTM output signals 
U1, U2, U3, and U4 is routed to a respective RF modulator 
345-348 via a respective signal combiner 331-334, a respec 
tive gain and phase adjuster 335-338, and a respective D/A 
340-343. Preferably, during the outer loop error compensa 
tion process, no inner loop test signals are coupled to signal 
combiners 331-334 and each combiner 331-334 routes its 
respectively received signal U1, U2, U3, and U4 to a respec 
tive gain and phase adjuster 335-338. Each gain and phase 
adjuster 335-338 adjusts a gain and/or phase of the signal 
received from a respective combiner 331-334 based on a 

respective control signal Gc4, Gc3, GCZ, Gc1 received from 
compensation controller 395 as described above. Preferably, 
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a voltage variable attenuator or a variable gain ampli?er 
included in each gain and phase adjuster 335-338 adjusts a 
gain of the signal received from a respective signal combiner 
331-334 and a voltage variable phase shifter included the 
gain and phase adjuster 335-338 adjusts a phase of the signal 
received from a respective signal combiner 331-334 based 
on the control signal received from compensation controller 
395. 

[0090] Each gain and phase adjuster 335-338 routes the 
adjuster’s gain and/or phase adjusted signal to a respective 
D/A 340-343. Each D/A 340-343 converts the gain and/or 
phase adjusted signal received from a respective gain and 
phase adjuster 335-338 to an analog signal and routes the 
analog signal to a respective RF modulator 345-348. Each 
RF modulator 345-348 modulates an RF carrier, ejwt, With 
the analog signal received from a respective D/A 340-343 to 
produce an RF modulated signal and routes the modulated 
signal to a respective RF poWer ampli?er 350-353. Each RF 
poWer ampli?er 350-353 ampli?es the RF modulated signal 
received from a respective RF modulator 345-348 to pro 
duce a respective ampli?ed signal P1, P2, P3, P4, that is then 
output by the RF poWer ampli?er and by signal processing 
section 330. Each of ampli?ed signals P1, P2, P3, and P4, is 
then coupled (906), by section 330, to a respective input port 
360a, 360b, 360c, and 360d of 4x4 RF FTM 360 via 
respective inner loop signal couplers 355-358. 

[0091] For each test signal TAi, i=1, 2, 3, 4, FTM 360 then 
produces a corresponding output signal Ri, i=1, 2, 3, 4, at a 
respective output port 360e-360h of the FTM. Each output 
signal Ri, i=1, 2, 3, 4, is based on the ampli?ed signals P1, 
P2, P3, and P4 that are produced by, and received from, RF 
poWer ampli?ers 350-353 in response to the coupling of the 
corresponding test signal T Ai to forWard path 301. FTM 360 
routes the corresponding output signal Ri, i=1, 2, 3, 4, to a 
respective antenna element 385-388 via a respective 
dupleXer 371-374 and a respective outer loop signal coupler 
381-384. In the course of propagating from FTM 360 to 
antenna elements 385-388, each output signal Ri, i=1, 2, 3, 
4, is subject to a respective output path attenuation Ai, i=1, 
2, 3, 4. As a result, an attenuated version of the output signal 
Ri, i=1, 2, 3, 4, that is, a respective forWard path or 
transmitter branch output signal Oi, i=1, 2, 3, 4, is coupled 
to a respective antenna element 385-388. 

[0092] For each test signal TAi, i=1, 2, 3, 4, at least a 
portion of the corresponding output signal Oi, i=1, 2, 3, 4, is 
coupled (908) to outer loop feedback circuit 303 via outer 
loop signal couplers 381-384; Each outer loop signal coupler 
381-384 is coupled betWeen a respective dupleXer 371-374 
and a respective antenna element 385-388 and is designed to 
sample the respective output signal O1, 02, 03, and 04 being 
coupled to a respective antenna element 385-388. Each outer 
loop signal coupler 381-384 samples a respective forWard 
path, or transmit branch, output signal 01, O2, O3, and O4 to 
produce an attenuated forWard path output signal. For each 
output signal Oi, i=1, 2, 3, 4, outer loop feedback circuit 303 
determines (910) an outer loop error based on the sampled 
version of the output signal, that is, the attenuated forWard 
path output signal produced by a respective outer loop signal 
coupler 381-384. Based on the determined outer loop error, 
outer loop feedback circuit 303 then produces (912) a 
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corresponding outer loop control signal Aci, i=1, 2, 3, 4. 
Outer loop feedback circuit 303 conveys each outer loop 
control signal Aci, i=1, 2, 3, 4, to a respective gain and phase 
adjuster 315-318 in input section 310 of forWard path 301 
Where a gain and/or a phase of a signal input into forWard 
path 301, such as an informational signal Si and/or a sub 
sequently input outer loop test signal T Ai, is adjusted based 
on the outer loop control signal. 

[0093] FIG. 10 is logic ?oW diagram 1000 of the steps 
executed by outer loop feedback circuit 303 to produce an 
outer loop control signal ACi based on a coupled version of 
a forWard path, or transmit branch, output signal Oi in 
accordance With an embodiment of the present invention. 
Logic ?oW diagram 1000 begins When an outer loop signal 
coupler 381-384 samples (1002) a respective forWard path, 
or transmit branch, output signal Oi, i=1, 2, 3, 4, to produce 
an attenuated forWard path output signal. Each attenuated 
output signal is then routed by the signal’s respective signal 
coupler to outer loop signal combiner 396. Preferably, 
transmit branch 300 is designed such that an electrical 
distance from each antenna element of antenna elements 
385-388 to outer loop signal combiner 396 is approximately 
the same as an electrical distance from each of the other 
antenna elements of antenna elements 385-388 to the outer 
loop signal combiner. The outer loop signal coupler 381-384 
then conveys (1004) the attenuated transmit branch output 
signal received from a signal coupler 381-384 to outer loop 
RF receiving unit 397 via outer loop signal combiner 396. 

[0094] RF Receiving unit 397 pre-ampli?es and scales 
(1006) the outer loop combined signal received from an 
outer loop signal coupler 381-384 to produce an outer loop 
feedback signal Q21. As a result, an injection of the ?rst test 
signal TA1 yields an outer loop feedback signal of Q21. 
Similarly, an injection of each of test signals T A2, T A3, and 
T A4 respectively into signal combiners 312-314 yields 
respective outer loop feedback signals Q22, Q23 and Q24 at 
the output of RF receiving unit 397. 

[0095] Similar to the processing of the inner loop feedback 
signals Q11, Q12, Q13 and Q14, each outer loop feedback 
signal Q21, Q22,Q23, and Q24 is routed by RF receiving unit 
397 to RF demodulator 393 via RF sWitch 392. RE demodu 
lator 393 demodulates (1008) each outer loop feedback 
signal Q21, Q22,Q23 and Q24 received from RF sWitch 392 to 
produce a baseband signal and routes each baseband signal 
to A/D 394. A/D 394 then digitiZes (1010) each received 
baseband signal to produce a digitiZed signal IAi at node SZi 
and routes digitiZed signal IAi to compensation controller 
395. For each received digitiZed signal Li, compensation 
controller 395 compares (1012) the received digitiZed signal 
TAi to a desired A/D 394 output signal T*Ai to produce an 
outer loop correlation value g. Compensation controller 395 
then compares (1014) outer loop correlation value g to a 
desired outer loop correlation value g and, based on the 
comparison, produces (1016) a control signal ACi that is 
conveyed to one of gain and phase adjusters 311-314. 

[0096] Similar to the inner loop error compensation pro 
cess, in one embodiment of the present invention, compen 
sation controller 395 may adjust a gain and/or a phase 
incrementally, that is, producing a ?rst control signal to 
implement a ?rst adjustment in an outer loop test signal T Ai, 
measuring and comparing a resulting digitiZed signal TAi, 
producing a second control signal to implement a further 










