US009270493B2
a2y United States Patent (10) Patent No.: US 9,270,493 B2
Da Silveira et al. 45) Date of Patent: Feb. 23, 2016
(54) SCALABLE ESTIMATION RING (56) References Cited
(71) Applicant: Telefonaktiebolaget L. M Ericsson U.S. PATENT DOCUMENTS
(publ). Stockholm (SE) 6,327,315 Bl 12/2001 Piirainen
6,983,127 B1* 1/2006 DaTorreetal. ... 455/67.11

(72) Inventors: Marthinus Willem Da Silveira, Ottawa |
(CA); Neil McGowan, Stittsville (CA); (Continued)

Slim Ben Ghalba, Kanata (CA) FOREIGN PATENT DOCUMENTS
(73) Assignee: Telefonaktiebolaget . M Ericsson

EP 1376896 Al 1/2004
(publ), Stockholm (SE) WO 0145296 Al 6/2001
( *) Notice: Subject to any disclaimer, the term of this (Continued)

patent 1s extended or adjusted under 35 OTHER PUBLICATIONS
U.S.C. 154(b) by 65 days.

International Search Report and Written Opinion for International
(21) Appl. No.: 14/191,005 Patent Application No. PCT/IB2015/051141, mailed Jun. 2, 2015, 9
pages.

(22) Filed: Feb. 26, 2014
Primary Examiner — Kiet Doan

(65) Prior Publication Data (74) Attorney, Agent, or Firm — Withrow & Terranova,

US 2015/0244440 A1 Aug. 27, 2015 PLLEC

(51) Int.CI. (37) ABSTRACT
HO4M 1/00 (2006.01) Systems and methods are disclosed for estimating impulse
HO4L 25/02 (2006.01) responses ol multiple channels, e.g., multiple antenna sub-
HO04B 17712 (2015.01) array paths of a base station, 1n a distributed manner. In one
H04B 17/14 (2015.01) embodiment, a method of operation of a Scalable Estimation
(Continued) Rir}g (SER) processing component 1n a SER that operates to
estimate impulse responses of corresponding channels 1s pro-
(52) U.S. CL vided. In one embodiment, the method includes, during a first
CPC .. HO4L 25/0212 (2013.01); H04B 17/12 iteration of the SER, receiving a feedback signal for the SER

(2015.01); HO4B 17/14 (2015.01); HO4L processing component and computing an 1nitial estimate of
25/0204 (2013.01); HO4L 25/024 (2013.01); an 1impulse response of a corresponding channel based on the
HO4L 25/0224 (2013.01); HO4L 25/0228 teedback signal, removing a contribution of the correspond-
(2013.01); HO4B 17/373 (2015.01); HO4W ing channel from the feedback signal based on the initial

§8/08 (2013.01) estimate of the impulse response of the corresponding chan-

(58) Field of Classification Search nel to thereby provide a feedback signal for a next SE
CPC ........... HO1Q 1/246; HO4B 7/06; HO4B 17/12 processing component in the SER, and outputting the feed-
USPC 455/562.1, 5225 370/336, 335,328,  back signal for the next SER processing component in the

370/204; 3775/218, 232, 260, 222, 341, 233, SER.
375/2677, 145

See application file for complete search history. 8 Claims, 11 Drawing Sheets

/28

- \((f ) / @/
\j/ \ p—

NODE

34

BS



US 9,270,493 B2

Page 2
(51) Int.CL 2014/0016689 Al* 1/2014 Duaetal. .....ccoeneene.., 375/232
HOAW 88/08 (2009.01) 2014/0057684 A1*  2/2014 Khlat ....ooocoovvveren 455/574
HO4B 17/373 (2015.01) 2014/0133543 Al 5/2014 Da Silveira et al.
(56) References Cited FOREIGN PATENT DOCUMENTS
US. PATENT DOCUMENTS WO 2008074923 Al 6/2008
WO 2014076631 Al 5/2014
2006/0154607 Al1* 7/2006 Kenneyetal. ... 455/67.11

2007/0030914 Al 2/2007 Ding et al.

* cited by examiner



US 9,270,493 B2

Sheet 1 of 11

Feb. 23, 2016

U.S. Patent

b OId

vl
ONISSI00Yd  [—————
- G3LYNIGH00D
1NO ,ww ANV_“_I_
& IINAON
2l
1005 2
-7~ | €3ITINAOW
075 2
_ - Z IINAOI
1NO ,_‘w ANV _‘_I_
__ - . IINAOI
2
9] ~ |
o




US 9,270,493 B2

1N0 ‘WQ o
(Z)"H
N-¢
ONISSIDOHd
| G3LYNIGY00D ¥3S
N-0¢ ﬁ W 3T1NAON
y— _m$n__w . ° .
y— . ® e
S e » P
&
d4
Mu _mw
P
= 1IN0 7Q
Z S T |
1 (Z)°H
Ve
ONISSTI0Hd
o A3LYNIQY00D ¥3S
= Z I1NAOI
-
er
gl
o=
o —
i
b & g ————————————
INICHI005 T3S
0z < -027 | » L IINAON
d4 d4
31 \1 S rw

U.S. Patent

(1+1)

‘S



US 9,270,493 B2

Sheet 3 0f 11

Feb. 23, 2016

U.S. Patent

49 31NdNOD '8 <
WH 31NdNOD 9L T

N-07 A FTNJON

53 g |

55 "yl |,

vE Oid

835 "o |
%8 ALNdINOD tEl <

2H 31NdNOD ZeL T
85 31NdNOD 0gl T

335 211
%9 3LNdINOD 0L <
24 31NdNO0D 801 T

,.07 —1 € IINAOW

93 '8¢
%8 31NdINOD 921 T
°HH 3LNdINOD ¥2L T
845 31 NdIN0D ‘22l T

245 0

457901
35 31NdIN0D 701 <
WY 31NdN0D ZoL <

001

57— + IINAON

m_u_w

L1



g€ Oid

NWH 31NdINOD 041 T
\838 31NdIN0D 891 T

US 9,270,493 B2

45 99} 83 'p9),
948 31NdIN0D 79} T
NeH 31NdWN0D 091

- 85 31NdIN0D 861 T

S

= 3 96

f &8 31NdN0D 751 C

” NPH 31NdW0D 261 C
83 31NdN0D 051 C

&

\m

—

o

"t

e

S —

= S 'Op |

%8 31NdINOD #k C
INH 31NdNO0D zvL T

85 31 NdINOD "ol T

-y — WFINCON 07 —| ¢ IMNAON o7 — + FINAOW

U.S. Patent



U.S. Patent Feb. 23, 2016 Sheet 5 of 11 US 9,270,493 B2

200
RECEIVE FEEDBACK SIGNAL (S)

202
COMPUTE ESTIMATE OF Hm(z) (Hm1)

REMOVE CONTRIBUTION OF Sm ™ Hn1 FROM FEEDBACK 204

SIGNAL (Sfs) TO PROVIDE NEW FEEDBACK SIGNAL
FOR NEXT MODULE IN THE RING

206
OUTPUT NEW FEEDBACK SIGNAL
208

210

RECEIVE FEEDBACK SIGNAL (SP:)

ADD PREVIOUSLY REMOVED CONTRIBUTION Sm * Hgety | 212
BACK INTO THE FEEDBACK SIGNAL (Sfg) TO PROVIDE
MODIFIED FEEDBACK SIGNAL (Sfg')

214
COMPUTE ESTIMATE OF Hm(z) (Hmi)

REMOVE CONTRIBUTION OF Sy * Hyi FROM THE MODIFIED |— 416
M,

FEEDBACK SIGNAL (Srs') TO PROVIDE NEW FEEDBACK
SIGNAL FOR NEXT MODULE IN THE RING

218
OUTPUT NEW FEEDBACK SIGNAL

220

NO 222
<>
YES

FIG. 4



US 9,270,493 B2

400N
NdOMLAN
:
NS O>>._.m_ N

o

e

Sheet 6 of 11

Feb. 23, 2016

U.S. Patent



US 9,270,493 B2

Sheet 7o0f 11

Feb. 23, 2016

U.S. Patent

N-¥G

9 Oid

1

_________q

T

H1Vd X1

WN-CY
A J1NAON

N-CS

%43
430334

07 AVHHY YNNILNY

c—""

L%

L-8%

._.DDHFW

}-95

[R4
d4d444

79 A

| FTNAON

-8 _ W03
ONISSIO0Hd [y [ SISTHLINAS
Q3LYNIQH00D ¥3S EVARVTIIOE
| IH — _
W97 77
NIVHD X1 G| H3ZITYN03 ITNG
+ |
87 2-0G
ONISSIOOHd [ | SISTHLNAS
Q3LYNIQH00D ¥3S NEVARVTIIOE
¢-9F s
NIVHD X1 2q | ¥3ZIVN03 492Q
||||| ﬁnnw-fuuu_ .w.
37 | 05
ONISSIO0Ud [ | SISTHLNAS
QILYNIQY00D ¥3S | | | | ¥3ZNvno3
T . 1
07 | 7T
NIVHO X1 Tig [ ¥3ZvNo3 491G
by’ ey Sn———
7 99
XY 94 _
B¢ LINN 01avY

9
LINN
ANvE3svd




US 9,270,493 B2

Sheet 8 of 11

Feb. 23, 2016

U.S. Patent

._.:Dn_zm

NS

-85

N-95

L Oid
| I — | +
| N-8t7 | ¢-0G
“ ONISSIV0Yd b | SISTHINAS
| Q3LYNIQH000 ¥3S | | | ¥3ZINvNo3
“ ||||||||||||||||||||||||||||||||||||||| +l |||||| __ +
| NCY | g N-9t 4 N ay <
| 430334 NIYHO XL ing| Y¥3ZIYNO3 [~ [eeg
f T AT i === '\ TA-BE I LINN Olav
__ _ _ EIDQ \ . _
i HLYd XL ;WG : :
i 20
"_ | | A 3TNAON | ¥
N 7 =00
) ONISSTDONd SISTHLNAS
It Q3.LYNIJHO0D ¥3S 432TvN03
i A Y
1| 7T | 79 T <
i ¥30334 NIVHD XL 2g | ¥3zIvno3 [ [eeeg
T R ) ittt S} e 782 Z LINN 0Iav
iy B 1|1 —
i FuJ:mmmm
LG 1
| [ /A N [ v
| -7 | -0G
-85 | ! 709 ONISSIOONd SISTHINAS
| HIYd X1 J31VNIJH00D d3S d3Z1TYNO3
1N0'IQ " L |
| 1-¢y 1-9% 1-vr
96 | 4 430334 uvHO XL [Mig| w3zivnos [*erg
_ i - —_—— — =4 T-oc
7 AVHYY YNNILNY [plepeylnybpling o foploplopleplopl gk ||||4.||||- -8 L LINN 0lavd
o 99
XY 94
0g—"" 28

9¢ LINN
(ONvE4Svd




8 OlId

US 9,270,493 B2

NIg AONINOIHS

0¢-
Gl-
—
- 11 o
= }
= HAC N e Y ki
S _
7 ] O
G
\&
= 0L
ery m m
I | B R SR Sl
e ” ”
W . )
i m m ON

v1va d3ZINILdO HLIM
INFWHIVAAT ANV ¥3Z1TvN03 40 ANOD 40 144

U.S. Patent

[69p] YOH¥YT ISYHA

L IR a1 .
s — - ver o ep L ELLELULL (s v =
-J-l--l TS a l-"-l-"- W-qﬂ—T J-—J l- .
i i

¥ TINAON —

¢ ATNAON *—
¢ A1NAON #—

1 1NAJON —

AON3NO3H4 40 NOILONNL SV
S3TNAON dNO4 T1V dO4
NOILVINILSE SINJWHIVdINI ASVHJ

0¢

0t
0y



US 9,270,493 B2

Sheet 10 of 11

Feb. 23, 2016

U.S. Patent

6 OId

NIg AONINOIY
00¢ 0G1 00}

v1vd d3ZINILdO HLIM
INIWHIVANIT ANY ¥3Z1TVNO03 40 ANOD 40 144

[Oap] YO¥Y3 ASYHA

09 0 0¢ ( 0 07 09

LI,
........

o L S B Len

P ]
i.r.".l

. ...-...-.-___-.-...-
i L

7 3TNAON —=
¢ AMNAON —*
¢ ITNAON —=
| 3INCON ——

R

AONINOFH4 40 NOILONNA SV
S31NAON dNO4 T1V dO4
NOILVINILST SINJNHIVANI 3SVHd




US 9,270,493 B2

NIg AONINO IS

061 001

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

Sheet 11 of 11

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

Feb. 23, 2016

v1va ddZINlLdO HLIM
INJWHIVAI ANV d3Z1'TvNO3 40 ANOD 40 L4

U.S. Patent

0} "Oid

[68p] YOHYT ISYHA

09 O 0¢ (0

i
4,
.--
- -
| L.”-_ _-Hl -
A4, 17

- | =
o g
A

-.-.-
JJ.-
b
-_.-.- .
....................
T2 e .o oL L -t ey
....................
.............
.....................
..................
.......................
.......................
.........................
.........

. g T
-t ” g cmn -
b " - - " l-l - - n "l-l
o Lol -l - - i —l ‘lnl "lll- l-l "o ow =Ly = - _E = L .
bl - A 1404 " -“- w m. - . mu S LR -.-.--..uu hu”-.”.--.“”-”uu
-. 5 l- lll- - - 1 [ ] —l -li - u -li-“ = e T O . R e L
e _-_—-—__-.-—__———.ﬂ-__—m. --------- e e T S 11LE 1L

vy IINAON —
¢ 3INAON —*

Z 3INAOI
. IINAON

AONZNOTH4 40 NOILONNL SV
SATNAON dNO4 11V d04 NOILVINILST SININEIVdINT 3SVHd



US 9,270,493 B2

1
SCALABLE ESTIMATION RING

FIELD OF THE DISCLOSUR.

L1

The present disclosure relates to antenna calibration and, 1in
particular, to antenna calibration in a base station of a wire-
less, or cellular, network.

BACKGROUND

Base stations having antenna arrays have been widely used
in cellular networks for directional signal transmission and
reception with an increased gain compared to an omni-direc-
tional antenna. The increased gain translates into a higher cell
density and data throughput. An antenna array needs to be
calibrated across 1ts sub-array paths to remove any linear
phase and/or amplitude distortions (hereafter simply referred
to as phase distortion) in these paths. If the transmission beam
pattern 1s out ol phase or otherwise phase-distorted, the signal
transmitted by the base station at normal transmission power
may not be correctly received and decoded by a wireless
device, e.g., a user terminal. To compensate for the phase
distortions, the base station may transmit data at a higher
power level; however, increasing the transmission power acts
as a load to the system, causing a reduction to the power that
can be allocated to other wireless devices. In addition, the
signal transmitted at higher power may interfere with other
terminals, causing a reduction in signal quality.

Calibration of the antenna array 1s typically performed by
careful coordination of radio signals transmitted by the sub-
arrays of an antenna array. Coordination of the radio signals
transmitted by the sub-arrays requires signal correction or
compensation, which in turn requires estimation of impulse
responses of the sub-array paths (1.e., transmit or receive
paths). Estimation of the impulse responses of the sub-array
paths 1s normally done using centralized processing 1n a radio
unit where the correction and compensation 1s done. In this
regard, commonly owned and assigned U.S. patent applica-
tion Ser. No. 13/894,826, entitled METHOD AND APPARA -
TUS FOR ANTENNA ARRAY CALIBRATION USING
TRAFFIC SIGNALS, which was filed May 13, 2013, dis-
closes systems and methods for calibrating an antenna array
using a centralized architecture.

Base stations for advanced 4” Generation (4G) and 57
Generation (5G) wireless, or cellular, networks require many
radio units and many antennas. Further, 1t 1s important for
base stations in these 4G and 3G wireless networks to be
scalable and modular 1n order for the base stations to be cost
elfective and manageable. One 1ssue with a centralized
approach for estimating the impulse responses of the sub-
array paths in such a base station 1s that a complexity of the
centralized approach increases as the number of radio units
(or sub-array paths) increases. This increases the cost and
complexity of the base station.

As such, there 1s a need for systems and methods for
estimating 1mpulse responses of sub-arrays paths 1n a base
station having an antenna array that enhance scalability and
modularity of the base station without increasing the com-
plexity of the base station.

SUMMARY

Systems and methods are disclosed for estimating impulse
responses of multiple channels, e.g., multiple sub-array paths
of a base station having an antenna array including multiple
antenna sub-arrays, 1n a distributed manner. By estimating the
impulse responses of the channels 1n a distributed manner, the
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2

use of a centralized impulse response estimation architecture
1s avoided, which 1n turn reduces complexity and increases
modularity.

In one embodiment, a method of operation of a Scalable
Estimation Ring (SER) processing component in a SER
including multiple SER processing components that operate
to estimate 1mpulse responses of corresponding channels 1s
provided. In one embodiment, the method of operation of the
SER processing component 111C1udes during a first 1teration
of the SER, recerving a feedback signal for the SER process-
ing component and computing an initial estimate of an
impulse response of a corresponding channel based on the
teedback signal for the SER processing component. The
method further includes removing a contribution of the cor-
responding channel from the feedback signal for the SER
processing component based on the initial estimate of the
impulse response of the corresponding channel to thereby
provide a feedback signal for a next SER processing compo-
nent 1n the SER. The method also includes outputting the
teedback signal for the next SER processing component in the
SER. By removing the contribution of the correspondmg
channel from the feedback signal for the SER processing
component to provide the feedback signal for the next SER
processing component, the feedback signal for the next SER
processing component 1s less noisy, which in turn results in
better impulse response estimation.

In one embodiment, the method of operation of the SER
processing component further includes, during a second
iteration of the SER, receiving a new feedback signal output
by a preceding SER processing component i the SER and
adding the contribution of the corresponding channel previ-
ously removed from the feedback signal for the SER process-
ing component based on the mnitial estimate of the impulse
response of the corresponding channel into the new feedback
signal to thereby provide a modified new feedback signal. The
method of operation of the SER processing component dur-
ing the second iteration further includes computing a new
estimate of the impulse response of the corresponding chan-
nel based on the modified new feedback signal and removing
a contribution of the corresponding channel from the modi-
fied new feedback signal based on the new estimate of the
impulse response of the corresponding channel to thereby
provide a new feedback signal for the next SER processing
component 1n the SER. The method also includes, for the
second 1teration of the SER, outputting the new feedback
signal for the next SER processing component in the SER.

In one embodiment, the SER processing component 1s a
first SER processing component inthe SER, and receiving the
teedback signal for the SER processing component includes
receiving a combined feedback signal, where the combined
teedback signal 1s a summation of output signals of the chan-
nels 1n response to corresponding input signals.

In one embodiment, the channels are transmit paths of a
base station of a cellular communications network, where the
base station has an antenna array that includes multiple
antenna sub-arrays. Fach transmit path 1s connected to a
corresponding antenna sub-array. In one embodiment, each
transmit path includes a transmait chain, a feeder having a first
end connected to an output of the transmit chain and a second
end, and a coupler configured to connect the second end of the
teeder to a corresponding sub-array. Further, in one embodi-
ment, the transmit chains of the transmit paths are 1mple-
mented 1n a single radio unit. In another embodiment, the
transmit paths of at least two of the transmuit paths are imple-
mented 1n different radio units. In another embodiment, the
transmit chains of the transmit paths are implemented in
different radio units.




US 9,270,493 B2

3

In one embodiment, the channels are recetve paths of a base
station of a cellular communications network, where the base
station has an antenna array including multiple antenna sub-
arrays. Each recetve path 1s connected to a corresponding one
of the plurality of antenna sub-arrays.

In one embodiment, for each SER processing component
in the SER, removing the contribution of the corresponding
channel from the feedback signal for the next SER processing
component based on the 1imitial estimate includes subtracting
a convolution of a corresponding mput signal and the mitial
estimate of the impulse response of the corresponding chan-
nel from the feedback signal for the next SER processing
component. In one embodiment, for each SER processing
component in the SER, adding the contribution of the corre-
sponding channel previously removed from the combined
teedback signal based on the initial estimate into the new
teedback signal includes adding the convolution of the cor-
responding input signal and the 1nitial estimate of the impulse
response of the corresponding channel to the new feedback
signal to thereby provide the modified new feedback signal,
and removing the contribution of the corresponding channel
from the modified new feedback signal based on the new
estimate for the SER processing component includes sub-
tracting a convolution of the corresponding input signal and
the new estimate of the impulse response of the correspond-
ing channel from the modified new feedback signal.

In one embodiment, outputting the feedback signal
includes outputting the feedback signal to a baseband unit for
distribution to the next SER processing component in the
SER. In another embodiment, outputting the feedback signal
includes outputtmg the feedback signal directly to the next
SER processing component 1n the SER.

In one embodiment, a SER processing component that
operates according to any of the embodiments above 1s pro-
vided.

In one embodiment, a method of operation of a SER
including multiple SER processing components to estimate
impulse responses of corresponding channels 1s provided. In
one embodiment, the method includes performing an mnitial
iteration of the SER. Performing the initial iteration of the
SER 1includes, for each SER processing component in the
SER: recewving a feedback signal for the SER processing
component, computing an initial estimate of an impulse
response of a corresponding channel based on the feedback
signal for the SER processing component, removing a con-
tribution of the corresponding channel from the feedback
signal for the SER processing component based on the initial
estimate of the impulse response of the corresponding chan-
nel to thereby provide a =R

feedback signal for a next SE
processing component 1n the SER, and outputting the feed-
back signal for the next SER processing component in the
SER.

In one embodiment, for a first SER processing component
in the SER, the feedback signal for the initial iteration 1s a
combined feedback signal that 1s a summation of output sig-
nals of the channels 1n response to corresponding input sig-
nals. Further, in one embodiment, for each additional SER
processing component in the SER, the feedback signal for the
initial 1teration 1s the feedback signal output by a preceding
SER processing component in the SER for the initial 1tera-
tion.

In one embodiment, the method of operation of the SER
turther includes performing a second iteration of the SER.
Performing the second iteration of the SER 1ncludes, for each
SER processing component in the SER, recewmg a new
teedback signal output by a preceding SER processing com-

ponent in the SER, adding the contribution of the correspond-
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4

ing channel removed 1n the 1nitial iteration of the SER 1nto the
new feedback signal to thereby provide a modified new feed-
back signal, computing a new estimate ol the impulse
response of the corresponding channel based on the modified
new feedback signal, removing a contribution of the corre-
sponding channel from the modified new feedback signal
based on the new estimate of the impulse response of the
corresponding channel to thereby provide a new feedback
signal for the next SER processing component in the SER,
and outputting the new feedback signal for the next SER
processing component in the SER.

In one embodiment, a SER that operates according to any
of the embodiments above 1s provided.

In one embodiment, a base station for a wireless network
that performs calibration of an antenna array to remove dis-
tortion incurred by multiple transmit paths in the base station
1s provided. The antenna array of the base station includes
multiple sub-arrays each connected to a corresponding one of
the transmit paths. In one embodiment, the base station
includes a feedback receiver and a SER. The feedback
receiver 1s configured to recerve a combined radio frequency
teedback signal and output a combined feedback signal, the
combined radio frequency feedback signal being a summa-
tion of output signals of the transmit paths in response to
corresponding input signals. The SER 1s configured to esti-
mate 1impulse responses of the transmit paths based on the
combined feedback signal 1n a distributed manner. The SE
includes multiple SER processing components each operat-
ing to estimate the impulse response of a corresponding one
of the transmit paths.

In one embodiment, each transmit path includes a transmit
chain, a feeder having a first end connected to an output of the
transmit chain and a second end, and a coupler configured to
connect the second end of the feeder to a corresponding
sub-array. Further, in one embodiment, the transmit chains of
the transmit paths are implemented 1n a single radio unit. In
another embodiment, the transmit chains of the transmit paths
are implemented 1n different radio units. In another embodi-
ment, the transmit chains of at least two of the transmit paths
are implemented 1n different radio unats.

In one embodiment, in order to estimate the impulse
responses of the transmit paths, for an 1mitial 1teration of the
SER, each SER processing component 1n the SER 1s config-
ured to recetve a feedback signal for the SER processing
component, compute an 1nitial estimate of the impulse
response of a corresponding transmit path based on the feed-
back signal for the SER processing component, remove a
contribution of the corresponding transmit path from the
teedback signal for the SER processing component based on
the 1mitial estimate of the impulse response of the correspond-
ing transmit path to thereby provide a feedback signal for a
next SER processing component 1n the SER, and output the
teedback signal for the next SER processing component in the
SER.

In one embodiment, for a first SER processing component
in the SER, the feedback signal for the imitial iteration 1s the
combined feedback signal from the feedback recerver. Fur-
ther, 1n one embodiment, for each additional SER processing
component 1n the SER, the feedback signal for the initial
iteration 1s the feedback signal output by a preceding SER
processing component 1n the SER for the initial 1teration.

In one embodiment, in order to estimate the impulse
responses of the transmit paths, for a second iteration of the
SER, each SER processing component 1n the SER 1s config-
ured to recerve a new feedback signal output by a preceding
SER processing component in the SER, add the contribution
of the corresponding transmit path removed in the initial
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iteration of the SER 1nto the new feedback signal to thereby
provide a modified new feedback signal, compute a new
estimate of the impulse response of the corresponding trans-
mit path based on the modified new feedback signal, remove
a contribution of the corresponding transmit path from the
modified new feedback signal based on the new estimate of
the impulse response of the corresponding transmit path to
thereby provide a new feedback signal for the next SER
processing component 1n the SER, and output the new feed-
back signal for the next SER processing component 1n the
SER.

Those skilled 1n the art will appreciate the scope of the
present disclosure and realize additional aspects thereof after
reading the following detailed description of the embodi-
ments 1n association with the accompanying drawing figures.

BRIEF DESCRIPTION OF THE DRAWING
FIGURES

The accompanying drawing figures incorporated in and
forming a part of this specification i1llustrate several aspects of
the disclosure, and together with the description serve to
explain the principles of the disclosure.

FIG. 1 illustrates a centralized architecture for estimating,
impulse responses of channels formed by multiple modules;

FIG. 2 illustrates a system implementing a distributed
architecture for estimating impulse responses of channels
formed by multiple modules according to one embodiment of
the present disclosure;

FIGS. 3A and 3B illustrate the operation of the system of
FIG. 2, and 1n particular the Scalable Estimation Ring (SER)
of the system of FIG. 2, to estimate the impulse responses of
the channels according to one embodiment of the present
disclosure:

FIG. 4 1s a flow chart that illustrates the operation of the
m-th SER coordinated processing component in the SER of
FIG. 2 according to one embodiment of the present disclo-
SUre;

FIG. S1illustrates a cellular network including a base station
that includes a SER according to one embodiment of the
present disclosure;

FI1G. 6 1llustrates the base station of FIG. 5 1n more detail
according to one embodiment of the present disclosure;

FIG. 7 illustrates the base station of FIG. 5 according to
another embodiment of the present disclosure; and

FIGS. 8 through 10 illustrate example simulation results.

DETAILED DESCRIPTION

The embodiments set forth below represent information to
enable those skilled in the art to practice the embodiments and
illustrate the best mode of practicing the embodiments. Upon
reading the following description 1n light of the accompany-
ing drawing figures, those skilled in the art will understand
the concepts of the disclosure and will recognize applications
ol these concepts not particularly addressed herein. It should
be understood that these concepts and applications fall within
the scope of the disclosure and the accompanying claims.

Systems and methods are disclosed for estimating impulse
responses of multiple channels, e.g., multiple sub-array paths
ol a base station having an antenna array including multiple
antenna sub-arrays, 1n a distributed manner. Before discuss-
ing embodiments ol the present disclosure, a brief description
of a centralized architecture for estimating impulse responses
of multiple channels 1s beneficial. In this regard, FIG. 1 1llus-
trates a centralized architecture 10 that includes multiple
modules 12-1 through 12-4 (generally referred to herein col-
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lectively as modules 12 or individually as module 12) that
define channels having corresponding impulse responses
H,(z) through H,(z). In the centralized architecture 10, one of
the modules 12, which 1n this example 1s the module 12-4,
includes a coordinated processing component 14 that esti-
mates the impulse responses H, (z) through H,(z) 1n a coor-
dinated, or joint, manner. More specifically, the modules 12-1
through 12-4 receive input signals S, through S, and produce
output signals S, ,,through S, 5, respectively. The coor-
dinated processing component 14 estimates the impulse
responses H,(z) through H,(z) based on the input signals S,
through S, (as reference signals) and a combined feedback
signal output by a summation component 16. The combined
teedback signal 1s a summation ot the output signals S, .,
through S, 57/

One 1ssue with the centralized architecture 10 of FIG. 1 1s
that many interconnects are required for the module 12-4
including the coordinated processing component 14. In par-
ticular, as the number of modules 12 increases, the number of
interconnects required for the module 12-4 also increases.
Since the module 12-4 must have a limited number of inter-
connects, the number of modules 12 is also limited. Another
issue 1s that, if the modules 12 are to be interchangeable, each
of the modules 12 must include the coordinated processing
component 14 even though the coordinated processing com-
ponent 14 of only one of the modules 12, which again 1n this
example 1s the module 12-4, 1s used. This significantly
increases the complexity and cost of the modules 12.

Systems and methods disclosed herein utilize a distributed
architecture for estimating impulse responses of multiple
channels. The distributed architecture decreases complexity
and improves modularity as compared to a centralized archi-
tecture such as that of FIG. 1. In this regard, FIG. 2 illustrates
a system 18 implementing a distributed architecture includ-
ing multiple modules 20-1 through 20-M (generally referred
to herein collectively as modules 20 and individually as mod-
ule 20) according to one embodiment of the present disclo-
sure. The modules 20 include a number of hardware compo-
nents that form corresponding channels 22-1 through 22-M
(generally referred to herein collectively as channels 22 and
individually as a channel 22). The channels 22-1 through
22-M have corresponding impulse responses H, (z) through
H, {z) (hereatter referred to as H, through H, ,) that transform
input signals S; through S,, mto output signals S, o+
through S,, 5. respectively. As discussed below, i one
embodiment, the channels 22 are sub-array paths (e.g., trans-
mit paths or recetve paths) of a base station for a cellular
network, where the base station includes an antenna array
including multiple sub-arrays and each sub-array path 1s con-
nected to a corresponding, or different, sub-array. However,
the concepts disclosed herein may also be applied to other

types of systems where impulse responses for multiple chan-
nels are desired to be estimated based on a combined feed-
back signal.

The modules 20-1 through 20-M include Scalable Estima-
tion Ring (SER) coordinated processing components 24-1
through 24-M, respectively, that form a SER. The SER coor-
dinated processing components 24-1 through 24-M are gen-
erally referred to herein collectively as SER coordinated pro-
cessing components 24 and individually as SER coordinated
processing component 24. The SER coordinated processing
components 24 forming the SER operate to estimate the
impulse responses H, through H,, of the channels 22 1n a
distributed manner. In particular, the SER coordinated pro-
cessing component 24-1 estimates the impulse response H; of
the corresponding channel 22-1, the SER coordinated pro-
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cessing component 24-2 estimates the impulse response H, of
the corresponding channel 22-2, etc.
As described below 1n detail, multiple iterations of the SER

are performed to estimate the impulse responses H; through
H, ,of the channels 22-1 through 22-M based on a combined

feedback signal S,..'". A summation component 26 operates
to sum the output signals S, 5, through S,/ 5, to provide
the combined feedback signal S,..''. During a first iteration
of the SER, the SER performs a sequential procedure by
which the SER coordinated processing components 24-1
through 24-M sequentially estimate the impulse responses H,

through H,, of the corresponding channels 22-1 through
22-M and remove, or subtract, the contributions of the corre-
sponding channels 22-1 through 22-M from the combined
feedback signal S,..'" based on the estimates of the impulse
responses H, through H,, respectively. In this manner, as
teedback signals are propagated through the SER {for the first
iteration, the SER coordinated processing component 24 of
cach module 20 has a better signal to noise ratio because a
portion of the noise in the combined feedback signal S,..' ' as
seen by the SER coordinated processing component 24 of that
module 20 has been removed by the SER coordinated pro-

cessing component 24 of the previous module 20. At the end
of the first iteration, the contributions of all of the channels
22-1 through 22-M have been removed from the combined
feedback signal S..'' based on initial estimates of the
impulse responses H, through H, , to thereby provide a feed-
back signal S,.'* (i.e., S, “** where i=1 for the first itera-
tion) returned to the SER coordinated processing component
24-1 for the second 1teration of the SER.

During the second 1teration of the SER, the SER performs
a sequential procedure by which each SER coordinated pro-
cessing component 24-m (where med{1, 2, ..., M}) operates
to: (a) add the contribution of the corresponding channel 22-m
removed during the first iteration based on the 1nitial estimate
of the corresponding impulse response H__ back into the feed-
back signal S,..”** received by the SER coordinated process-
ing component 24-m to provide a modified feedback signal
S, (b) compute a new estimate H_, of the impulse
response H_ of the corresponding channel 22-m based on the
modified feedback signal S,..”**" and the input signal S, and
(c) remove a contribution of the corresponding channel 22-m
from the modified feedback signal S,..”**" based on the new
estimate H_, of the corresponding impulse response H_ to
thereby provide a new feedback signal for a next SER coor-
dinated processing component 24 in the SER. The process
can continue 1n this manner to perform one or more additional
iterations of the SER to, e.g., achieve a desired accuracy for
the estimates of the impulse responses H, through H, .

FIGS. 3A and 3B illustrate the operation of the system 18
of F1G. 2, and 1n particular the SER, to estimate the impulse
responses H, through H, ,of the channels 22-1 through 22-M,
respectively, according to one embodiment of the present
disclosure. For an 1nitial or first iteration of the SER, the SER
coordinated processing component 24-1 receives the com-
bined feedback signal S,.,** (step 100). The combined feed-
back signal S,..' ' can be defined as:

SHy = Z Sm * Hy + noise

m=1

where * denotes convolution. The SER coordinated process-
ing component 24-1 of the module 20-1 then computes an
estimate of the impulse response H, of the channel 22-1 for

5

10

15

20

25

30

35

40

45

50

55

60

65

8

the first 1teration, which 1s referred to as the estimate H, ; of
the impulse response H, of the channel 22-1, based on the
combined feedback signal S,.."* and the input signal S, (step
102). During the first iteration, since S,*H,, ..., S, *H, ,are
completely unknown to the module 20-1 and have not yet
been removed by the SER coordinated processing compo-
nents 24-2 through 24-M, respectively, the estimate H, , ofthe
impulse response H, of the channel 22-1 1s generally a less
than 1deal estimate. However, as discussed below, the esti-
mate 1s improved by using additional iterations of the SER.
The estimate H,, 1s computed as a de-convolution of time-
aligned versions the combined feedback signal S,.,' ' and the
input signal S,. More specifically, this de-convolution may be
computed as, for example, dividing the combined feedback
signal S,..'* by the input signal S, in the frequency domain
alter time-alignment.

The SER coordinated processing component 24-1 of the
module 20-1 then removes a contribution of the channel 22-1
from the combined feedback signal S,..'* to thereby provide
a feedback signal S,..*" the next SER coordinated processing
component 24 1n the SER, which 1s the SER coordinated
processing component 24-2 (step 104). More specifically, the
SER coordinated processing component 24-1 removes the
contrlbutlon of the channel 22-1 to provide the feedback
signal S~ to the equation:

SFBEI :SFB“_(SI *H\ ).

The SER coordinated processing component 24-1 of the
module 20-1 then outputs the feedback signal S,..>* the SER
coordinated processing component 24-2 of the module 20-2
(step 106). In this embodiment, the SER coordinated process-
ing component 24-1 of the module 20-1 outputs the feedback
signal S,..>" directly to the SER coordinated processing com-
ponent 24-2 of the module 20-2. However, in another embodi-
ment, the SER coordinated processing component 24-1 of the
module 20-1 outputs the feedback signal S,..>" the SER coor-
dinated processing component 24-2 of the module 20-2 via
one or more other components (e.g., a controller or a base-
band unit).

Likewise, upon receiving the feedback signal S ., the
SER coordinated processing component 24-2 of the module
20-2 then computes an estimate of the impulse response H, of
the channel 22-2 for the first iteration, which 1s referred to as
the estimate H,, of the impulse response H, of the channel
22-2, based on the feedback signal S Fle the input signal S,
(step 108). During the first iteration, since S;*H,, ..., S, *H,,
are completely unknown to the module 20-2 and have not yet
been removed by the SER coordinated processing compo-
nents 24-3 through 24-M, respectively, the estimate H,, of the
impulse response H, of the channel 22-2 1s generally a less
than 1deal estimate. However, as discussed blow, the estimate
1s improved by using additional iterations of the SER. Further,
since S, *H,, has been removed, the estimate H,, of the
impulse response H, of the channel 22-2 1s less noisy than the
estimate H, ; of the impulse response H, of the channel 22-1.
The estimate H,, 1s computed as a de-convolution of time-
aligned versions the feedback signal S,..*" and the input sig-
nal S,. More specifically, this de-convolution may be com-
puted as, for example, dividing the feedback signal S,..*" by
the input signal S, 1n the frequency domain after time-align-
ment.

The SER coordinated processing component 24-2 of the
module 20-2 then removes a contribution of the channel 22-2
from the feedback signal S, to thereby provide a feedback
signal S,..>" for the next SER coordinated processing com-
ponent 24 1n the SER, which 1s the SER coordinated process-
ing component 24-3 (not shown) (step 110). More specifi-
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cally, the SER coordinated processing component 24-2
removes the contribution of the channel 22-2 to provide the
feedback signal S,..°' according to the equation:

SF331 :SFBEl_(SE *H5).

The SER coordinated processing component 24-2 of the
module 20-2 then outputs the feedback signal S = - (for the
SER coordinated processing component 24-3 of the module
20-3, which are not shown) (step 112). Note that the module
20-3 1s the last module 20-M 1n the case M=3. In this embodi-
ment, the SER coordinated processing component 24-2 of the
module 20-2 outputs the feedback signal S,.,> " directly to the
SER coordinated processing component 24-3 of the module
20-3. However, 1n another embodiment, the SER coordinated
processing component 24-2 of the module 20-2 outputs the
feedback signal S, .>" to the SER coordinated processing
component 24-3 of the module 20-3 via one or more other
components (e.g., a controller or a baseband unit).

The first 1teration of the SER continues 1n this manner until
the SER coordmated processing component 24-M receives a
feedback signal S,..*" from its preceding SER coordinated
processing component 24-(M-1) inthe SER (step 114). Upon
receiving the feedback signal S,..**', the SER coordinated
processing component 24-M of the module 20-M computes
an estimate of the impulse response H, , of the channel 22-M
tor the first iteration, which 1s referred to as the estimate H, ,,
of the impulse response H, ,of the channel 22-M, based on the
feedback signal S,.*"' and the input signal S,, (step 116).
Since the estimated contributions S, H*H, |, . . ., S0,
*Hpz 1y, 0f the channels 22-1 through 22-(M-1) have been
removed, the estimate H, ,, of the impulse response H, ,of the
channel 22-M 1s less noisy than the other estimates H,,
through H,, ,, , of the impulse responses H, through H,,_,,
of the channels 22-1 through 22-(M-1), respectively. The
estimate H,,, 1s computed as a de-convolution of time-
aligned versions of the feedback signal S,,*** and the input
signal S, . More specifically, this de-convolution may be
computed as, for example, dividing the feedback signal
S, by the input signal S,, in the frequency domain after
tlme alignment.

The SER coordinated processing component 24-M of the
module 20-M then removes a contribution of the channel
22-M from the feedback signal S,.**" to thereby provide a
feedback signal S,.."* for the next SER coordinated process-
ing component 24 1 the SER, which 1s the SER coordinated
processing component 24-1 (i.e., the feedback signal S,.,"* i
the feedback signal for the SER coordinated processing com-
ponent 24-1 for a second 1teration of the SER) (step 118).
More specifically, the SER coordinated processing compo-
nent 24-M removes the contribution of the channel 22-M to
provide the feedback signal S,..'* according to the equation:

Srp e :SFBMI ~(Sar™Hpp).

The SER coordinated processing component 24-M of the
module 20-M then outputs the feedback signal S =~ for the
SER coordinated processing component 24-1 of the module
20-1 (step 120). In this embodiment, the SER coordinated
processing component 24-M of the module 20-M outputs the
feedback signal S,.."* directly to the SER coordinated pro-
cessing component 24-1 of the module 20-1. However, 1n
another embodiment, the SER coordinated processing com-
ponent 24-M of the module 20-M outputs the feedback signal
S, * to the SER coordinated processing component 24-1 of
the module 20-1 via one or more other components (e.g., a
controller or a baseband unait). At this point, the first iteration
of the SER 1s complete.
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Next, a second 1teration of the SER 1s performed. In the
second iteration of the SER, the SER coordinated processing
component 24-1 of the module 20-1 first adds the contribution
of the channel 22-1 removed 1n the previous iteration of the
SER back into the feedback signal S,..** to thereby provide a
modified feedback Slgnal S, ' (step 122). More specifically,
the feedback signal S,.."* can be expressed as:

— H,1) + noise.

M
St = ) Sm* (Hp
m=1

The SER coordmated processing component 24-1 can then
add the conftribution of the channel 22-1 removed in the
previous iteration of the SER (1.e., S,;*H,,) back into the
feedback signal S,.'* to thereby prowde the modified feed-
back signal S,.,'*" according to:

127 12
Spp =SFp +51 #Hyy

=57 « Hy +ZSm=fc(Hm—Hm1)+nmise

m=2

The SER coordinated processing component 24-1 of the
module 20-1 then computes anew estimate H, , of the impulse
response H, of the channel 22-1 for the second iteration,
which 1s referred to as the estimate H,, of the impulse

response H, of the channel 22-1, based on the modified feed-
back signal S,..,"*' and the input signal S, (step 124). Since the
estimated contributions S,*H,,, ..., S, /*H, , of the channels
22-2 through 22-M were removed 1n the 1nitial iteration, the
estimate H, , of the impulse response H, of the channel 22-1
for the second iteration 1s less noisy (1.e., improved) than the
estimate H, , of the impulse response H, of the channel 22-1
for the first iteration. The estimate H,, 1s computed as a
de-convolution of time-aligned versions of the modified feed-
back signal S,..'*" and the input signal S,. More specifically,
this de-convolution may be computed as, for example, divid-
ing the modified feedback signal S,.."*' by the input signal S,
in the frequency domain after time-alignment.

The SER coordinated processing component 24-1 of the
module 20-1 then removes a contribution of the channel 22-1
from the modified feedback signal S .."*' to thereby provide a
feedback signal S~ for the next SER coordinated process-
ng component 24 1n the SER, which 1s the SER coordinated
processing component 24-2 (step 126). More specifically, the
SER coordinated processing component 24-1 removes the
contrlbutlon of the channel 22-1 to provide the feedback
signal S,..~~ according to the equation:

SFBEE :SFBIEI_ (S, *H5).

The SER coordinated processing component 24-1 of the
module 20-1 then outputs the feedback signal S,,>* for the
SER coordinated processing component 24-2 of the module
20-2 (step 128). In this embodiment, the SER coordinated
processing component 24-1 of the module 20-1 outputs the
feedback signal S,..>* directly to the SER coordinated pro-
cessing component 24-2 of the module 20-2. However, 1n
another embodiment, the SER coordinated processing com-
ponent 24-1 of the module 20-1 outputs the feedback signal
S, to the SER coordinated processing component 24-2 of
the module 20-2 via one or more other components (e.g., a
controller or a baseband unit).
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Likewise, upon receiving the feedback signal S,.”>*' the
SER coordinated processing component 24-2 of the module
20-2 adds the contribution of the channel 22-2 removed 1n the
previous iteration of the SER back into the feedback signal
S.>~ to thereby provide a modified feedback signal S, .>*'
(step 130). More specifically, the feedback signal S,..** can
be expressed as:

S22 =S, «(H, — Hp) + Z S« (H, — H.)+noise.

m=2

The SER coordmated processing component 24-2 can then
add the contribution of the channel 22-2 removed i the
previous iteration of the SER (1.e., S,*H,,) back into the
feedback signal S,..>* to thereby prowde the modified feed-
back signal S,,”*" according to:

22/ 22
SEp = Sgp + 52+ Hy

= Sy % (Hy = Hyp) + Sp e Hy + ) Spx (Hy

m=3

— H,,1) + noise

The SER coordinated processing component 24-2 of the
module 20-2 then computes a new estimate of the impulse
response H, of the channel 22-2 for the second iteration,
which 1s referred to as the estimate H,, of the impulse

response H, of the channel 22-2, based on the modified feed-
back signal S,..>*' and the input signal S, (step 132). Since the
estimated contribution S,*H,, of the channel 22-1 has
already been removed in the second iteration and the esti-
mated contributions S,*H,,, ..., S,/*H, , of the channels
22-3 through 22-M were removed 1n the 1mitial 1iteration, the
estimate H,, of the impulse response H, of the channel 22-2
tor the second iteration 1s less noisy (1.e., improved) than the
estimate H,, of the impulse response H, of the channel 22-2
for the first iteration. The estimate H,, 1s computed as a
de-convolution of time-aligned versions of the modified feed-
back signal S,..**' and the input signal S,. More specifically,
this de-convolution may be computed as, for example, divid-
ing the modified feedback signal S,..>*' by the input signal S,
in the frequency domain after time-alignment.

The SER coordinated processing component 24-2 of the
module 20-2 then removes a contribution of the channel 22-2
from the modified feedback signal S,..>*' to thereby provide a
feedback signal S..> for the next SER coordinated process-
ng component 24 1n the SER, which 1s the SER coordinated
processing component 24-3 (step 134). More specifically, the
SER coordinated processing component 24-2 removes the
contribution of the channel 22-2 to provide the feedback
signal S,..>* according to the equation:

SF332 :SF322 —(S,%H55).

The SER coordinated processing component 24-2 of the
module 20-2 then outputs the feedback signal S =~z - for the
SER coordinated processing component 24-3 of the module
20-3 (not shown) (Step 136). In this embodiment, the SER
coordinated processing component 24-2 of the module 20-2
outputs the feedback signal S, .°>* directly to the SER coor-
dinated processing component 24-3 of the module 20-3
(again, not shown). However, 1n another embodiment, the
SER coordinated processing component 24-2 of the module
20-2 outputs the feedback signal S,..°> to the SER coordi-
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nated processing component 24-3 of the module 20-3 via one
or more other components (e.g., a controller or a baseband
unit).

The second 1teration of the SER continues 1n this manner
until the final SER coordinated processing component 24-M
of the final module 20-M receives a feedback signal S,..;**?
from 1ts preceding SER coordinated processing component
24-(M-1)1inthe SER (step 138). Upon recerving the feedback
signal S,..***, the SER coordinated processing component
24-M of the module 20-M adds the contribution of the chan-
nel 22-M removed in the previous iteration of the SER back
into the feedback signal S,..*** to thereby provide a modified

feedback signal S,.**' (step 140). More specifically, the
feedback signal S,..*** can be expressed as:

— H,»)+ Sy «(H,, — Hy () + noise.

The SER coordinated processing component 24-M can then
add the contribution of the channel 22-M removed 1n the
previous 1teration of the SER (1.e., S, *H,,,) back into the
feedback signal S,..*** to thereby provide the modified feed-
back signal S,..*** according to:

SMZ

g = — H,») + Sy = Hy + noise.

ZlSm*(Hm
=1

The SER coordinated processing component 24-M of the
module 20-M then computes a new estimate of the impulse
response H,, of the channel 22-M for the second 1teration,
which 1s referred to as the estimate H,,, of the impulse
response H,, of the channel 22-M, based on the modified
feedback signal S,.;*”*" and the input signal S,, (step 142).
Since the new (and 1mproved) estimated contributions
S H*H, 5, ..., S 1y"Has1y» 0f the channels 22-1 through
22-(M-1) for the second iteration have been removed, the
estimate H, ., of the impulse response H, ,of the channel 22-M
1s improved. The estimate H, ., 1s computed as a de-convolu-
tion of time-aligned versions of the modified feedback signal
S, and the input signal S,,. More specifically, this de-
convolution may be computed as, for example, dividing the
modified feedback signal S,.*** by the input signal S, ,in the
frequency domain aiter time-alignment.

The SER coordinated processing component 24-M of the
module 20-M then removes a contribution of the channel
22-M from the modified feedback signal S, .***' to thereby

provide a feedback signal S ..~ for the next SER coordinated
processing component 24 1 the SER, which 1s the SER
coordinated processing component 24-1 (step 144). In this
case, the feedback signal S,.." is a feedback signal for the
SER coordinated processing component 24-1 of the module
20-1 for a third 1teration of the SER. More specifically, the
SER coordinated processing component 24-M removes the
contribution of the channel 22-M to provide the feedback

signal S,..'> according to the equation:

:SFBME'_ (Sar™Hap).

SFB

The SER coordinated processing component 24-M of the
module 20-M then outputs the feedback signal S s for the
SER coordinated processing component 24-1 of the module
20-1 (Step 146). In this embodiment, the SER coordinated
processing component 24-M of the module 20-M outputs the
feedback signal S,.,'" directly to the SER coordinated pro-
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cessing component 24-M of the module 20-M. However, 1n
another embodiment, the SER coordinated processing com-
ponent 24-M of the module 20-M outputs the feedback signal
S, to the SER coordinated processing component 24-1 of
the module 20-1 via one or more other components (e.g., a
controller or a baseband unit).

Iterations of the SER continue 1n this manner until a final
iteration of the SER 1s reached. Note that the desired number
of 1terations 1s, 1n one embodiment, greater than or equal to 2.
In another embodiment, the number of 1terations 1s greater
than or equal to 8. Note that the number of iterations per-
formed 1s, 1n one embodiment, a tradeoil between accuracy
and time.

In the final 1teration, the SER coordinated processing com-
ponent 24-1 of the module 20-1 receives a feedback signal
S, from the SER coordinated processing component
24-M of the module 20-M, where N 1s the number of 1tera-
tions performed by the SER (step 148). Upon recerving the
feedback signal S,.."*", the SER coordinated processing com-
ponent 24-1 of the module 20-1 adds the contribution of the
channel 22-1 removed 1n the previous iteration (1.e., the (N-1)
th iteration) of the SER back into the feedback signal S, to
thereby provide a modified feedback 81gnal S,V (step 150).
More specifically, the feedback signal S .. can be expressed
as:

M
Sty = ) Sw# (Hy
m=1

— Hm(N—l)) + noise.

The SER coordmated processing component 24-1 can then
add the contribution of the channel 22-1 removed in the
previous iteration ef the SER (1.e., S;*H, n_,,) back into the
feedback signal S,..'"" to thereby prewde the medlﬁed feed-
back signal S, according to:

!
S}:g = S}:g +Sl & Hl(N—l)

= .57 = H +ZSm x (H,, — Hm(N—l)) + noise
m=2

The SER coordinated processing component 24-1 of the
module 20-1 then computes a new estimate of the impulse
response H, of the channel 22-1 for the Nth iteration, which 1s
referred to as the estimate H, ,, of the impulse response H, of
the channel 22-1, based on the modified feedback signal
S, and the input signal S, (step 152). The estimate H, ,,is
computed as a de-convolution of time-aligned versions of the
modified feedback signal S,.,'** and the input signal S, . More
specifically, this de-convolution may be computed as, for
example, dividing the modified feedback signal S,..""*" by the
input signal S, 1n the frequency domain after time-alignment.

The SER coordinated processing component 24-1 of the
module 20-1 then removes a contribution of the channel 22-1
from the modified feedback signal S,.."* to thereby provide
a feedback signal S, for the next SER coordinated pro-
cessing component 24 in the SER, which 1s the SER coordi-
nated processing component 24-2 (step 154). More specifi-
cally, the SER coordinated processing component 24-1
removes the contribution of the channel 22-1 to provide the
feedback signal S,..*" according to the equation:

SFBEN:SFB _ (S *H ).
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The SER coordinated processing component 24-1 of the
module 20-1 then outputs the feedback signal S =" for the
SER coordinated processing component 24-2 of the module
20-2 (step 156). In this embodiment, the SER coordinated
processing component 24-1 of the module 20-1 outputs the
feedback signal S,.,*" directly to the SER coordinated pro-
cessing component 24-2 of the module 20-2. However, 1n
another embodiment, the SER coordinated processing com-
ponent 24-1 of the module 20-1 outputs the feedback signal
S, to the SER coordinated processing component 24-2 of
the module 20-2 via one or more other components (e.g., a
controller or a baseband unit).

Likewise, upon receiving the feedback signal S,.>", the
SER coordinated processing component 24-2 of the module
20-2 adds the contribution of the channel 22-2 removed 1n the
previous iteration (1.e., the (N—-1)th iteration) of the SER back
into the feedback signal S, to thereby provide a modified
feedback signal S,..*"" (step 158). More specifically, the feed-
back signal S,..*" can be expressed as:

SHy =S1#(Hy = Hiy) + ) Sy = (Hy,

m=2

— Hm(N—l)) + noise.

The SER coordinated processing component 24-2 can then
add the contribution of the channel 22-2 removed in the
previous iteration of the SER (1.e., S,*H, . ;) back into the
feedback signal S,..* to thereby prewde the medlﬁed feed-
back signal S F;M aceerdmg to:

?
SI%-E — S%:E 4+ Sz & HZ(N—I)

= Sy (Hy = Hiy) + Sy Hy + ) Spx(H,,

m=73

— Hm(N—l)) + noise

The SER coordinated processing component 24-2 of the
module 20-2 then computes a new estimate of the impulse
response H, of the channel 22-2 for the Nth 1teration, which 1s
referred to as the estimate H,», of the impulse response H, of
the channel 22-2, based on the modified feedback signal
S .-V and the input signal S, (step 160). The estimate H., s
cemputed as a de-convolution of time-aligned versions of the
modified feedback signal S,..*** and the input signal S.,. More
specifically, this de-convolution may be computed as, for
example, dividing the modified feedback signal S,..>* by the
input signal S, 1n the frequency domain after time-alignment.

The SER coordinated processing component 24-2 of the
module 20-2 then removes a contribution of the channel 22-2
from the modified feedback signal S,.>*" to thereby provide
a feedback signal S,..>" for the next SER coordinated pro-
cessing component 24 in the SER, which 1s the SER coordi-
nated processing component 24-3 (step 162). More specifi-
cally, the SER coordinated processing component 24-2
removes the contribution of the channel 22-2 to provide the
feedback signal S,..>" according to the equation:

SFEBN:SFBENI_ (S5 ™ o).

The SER coordinated processing component 24-2 of the
module 20-2 then outputs the feedback signal S,..>" for the
SER coordinated processing component 24-3 of the module
20-3 (not shown) (step 164). In this embodiment, the SER
coordinated processing component 24-2 of the module 20-2
outputs the feedback signal S, ;> directly to the SER coor-
dinated processing component 24-3 of the module 20-3
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(again, not shown). However, 1n another embodiment, the
SER coordinated processing component 24-2 of the module
20-2 outputs the feedback signal S,..>" to the SER coordi-
nated processing component 24-3 of the module 20-3 via one

or more other components (e.g., a controller or a baseband >
unit).

The Nth (or final) 1teration of the SER continues 1n this
manner until the final SER coordinated processing compo-
nent 24-M of the final module 20-M receives a feedback
signal S,..** from its preceding SER coordinated processing
component 24-(M-1) 1n the SER (step 166). Upon receiving
the feedback signal S,.,"*", the SER coordinated processing
component 24-M of the module 20-M adds the contribution
of the channel 22-M removed 1n the previous iteration (1.e.,
the (N-1)th 1teration) of the SER back into the feedback
signal S,.."*" to thereby provide a modified feedback signal

S (step 168). More specifically, the feedback signal
S, can be expressed as:

10

15

20

M—1
S%N — Z S % (Hyy — Huwy )+ Sy = (Hpyy — HM(N—I)) + noise.

m=1

25
The SER coordinated processing component 24-M can then

add the contribution of the channel 22-M removed 1n the
previous iteration ef the SER (1.e., S,/ *H,,v_1y) back into the
teedback signal S Srp V1o thereby prewde the modified feed-

back signal S, according to: 30

M-1
S%NF = Z S, (H,, — H,n)+ Sy = Hy + noise.
m=1

35

The SER coordinated processing component 24-M of the
module 20-M then computes a new estimate of the impulse
response H, ,of the channel 22-M for the Nth 1iteration, which

1s referred to as the estimate H, ,,,of the impulse response H, , 40
of the channel 22-M, based on the modified feedback signal
S, and the input signal S, , (step 170). The estimate H, .,

1S computed as a de- COHVO]UthIl of time-aligned versions of
the modified feedback signal S,..***" and the input signal S, ,.
More specifically, this de-convolution may be computed as, 45
for example, dividing the modified feedback signal S ,..**"" by
the input signal S, 1n the frequency domain after time-align-
ment.

At this point, the process 1s complete. The estimates H, ,;
through H, ,.-are the final estimates of the impulse responses 50
H, through H, , of the channels 22-1 through 22-M, respec-
tively. The final estimates of the impulse responses H,
through H, , of the channels 22-1 through 22-M can then be
used to correct or compensate for linear distortions (1.e., to
equalize) the channels 22-1 through 22-M. Notably, during 55
operation, the process of FIGS. 3A and 3B may berepeated as
desired 1n order to update the final estimates of the impulse
responses H, through H, , ot the channels 22-1 through 22-M
over time 1 order to account for changes 1n the impulse
responses H, through H, ,of the channels 22-1 through 22-M. 60

FIG. 4 1s a flow chart that illustrates the operation of the
m-th SER coordinated processing component 24-m of FIG. 2
according to one embodiment of the present disclosure. The
operation of the SER coordinated processing component
24-m 1n this embodiment 1s the same as described above with 65
respect to FIG. 3. As such, some details are not repeated. As
illustrated, for the first or initial iteration of the SER, the SER

16

coordinated processing component 24-m receives the feed-
back signal S,..”"" (step 200). The SER coordinated process-
ing component 24-m then computes the estimate H_ , of the
impulse response H_ of the corresponding channel 22-m for
the first 1teration of the SER based on the feedback signal
S.»"" and the corresponding input signal S__(step 202). The
SER coordinated processing component 24-m then removes
the contribution of the corresponding channel S (.e.,

*H ) from the feedback signal S,..”" to provide the feed-
back signal for the next SER coordinated processing compo-
nent 24 1n the SER (step 204). The SER coordinated process-
ing component 24-m then outputs the feedback signal for the
next SER coordinated processing component 24 1n the SER
(step 2006).

In this embodiment, the SER coordinated processing com-
ponent 24-m then sets an iteration counter 1 to 2 (step 208).
Next, the SER coordinated processing component 24-m
receives the feedback signal S,..,” for the i-th iteration of the
SER from the preceding SER coordinated processing com-
ponent 24 1n the SER (step 210). The SER coordinated pro-
cessing component 24-m then adds the contribution (i.e.,
S, *H,,;_1,) of the channel 22-m removed during the previous
iteration (1.e., iteration 1—1) back into the feedback signal
S5 to thereby provide a modified feedback signal S ;"""
(step 212). The SER coordinated processing component 24-#
then computes the new estimate H_ . for the impulse response
H_ of the channel 22-m based on the modified feedback
signal S,..”"" and the corresponding input signal S_ (step
214). Next, the SER coordinated processing component 24-wz
removes the contribution (1.e., S, *H_ ) of the channel 22-m
from the modified feedback signal S ... to thereby provide a
new feedback signal for the next SER coordinated processing
component 24 in the SER (step 216). The SER coordinated
processing component 24-m then outputs the new feedback
signal to the next SER coordinated processing component 24
(step 218).

The SER coordinated processing component 24-m then
determines whether the desired number of iterations of the
SER have been performed (i.e., determines whether 1=N,
where N 1s the desired number ef iterations of the SER) (step
220). If not, the 1teration counter 1 1s incremented (step 222),
and the process returns to step 210 and 1s repeated. Once the
desired number (N) of iterations have been performed, the
final estimate H_ .- of the impulse response H  of the corre-
sponding channel 22-m has been computed, and the process
ends. It should be noted that while the first and subsequent
iterations of the SER are illustrated separately in the flow
chart of FIG. 4, the present disclosure 1s not limited thereto. In
another embodiment, the first iteration may be performed just
like the other iterations but where the previously removed
contribution that 1s added back into the feedback signal for the
first 1teration 1s O.

While the SER described above can be used 1n any suitable
system, 1n one embodiment, the SER i1s used to estimate
sub-array paths (e.g., transmit or receive paths) in a base
station having an antenna array including multiple sub-ar-
rays. In this regard, FIG. S illustrates a cellular network 28
including a base station 30 that transmaits radio signals to and
receives radio signals from a number of wireless devices 32
and, 1 some embodiments, transmits radio signals to and
receives radio signals from a number of network nodes 34
(e.g., other base stations using a wireless backhaul network).
The base station 30 includes an antenna array including mul-
tiple sub-arrays. Radio signals are provided to or received
from the sub-arrays by corresponding channels, which are
defined by corresponding sub-array paths. In one embodi-
ment, the sub-array paths are more particularly transmait paths
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through which radio signals are provided to the sub-arrays for
transmission. However, 1n another embodiment, the sub-ar-
ray paths are recerve paths through which radio signals
received by the sub-arrays are processed. In this embodiment,
the base station 30 includes a SER ring that operates to esti-
mate impulse responses of the sub-array paths in a distributed
manner.

FI1G. 6 illustrates the base station 30 1n more detail accord-
ing to one embodiment of the present disclosure. As 1llus-
trated, the base station 30 includes a baseband unit 36, a radio
unit 38, an antenna array 40, and feeders 42-1 through 42-M
(generally referred to herein collectively as feeders 42 and
individually as a feeder 42) connected as shown. The radio
unit 38 includes multiple (M) branches formed by equalizers
44-1 through 44-M and transmit chains 46-1 through 46-M.
In addition, the radio unit 38 includes a SER formed by SER
coordinated processing components 48-1 through 48-M, and
equalizer synthesis components 50-1 through 50-M that oper-
ate to configure the equalizers 44-1 through 44-M based on
estimates from the corresponding SER coordinated process-
ing components 48-1 through 48-M.

The radio unit 38 also includes connectors 52-1 through
52-M by which outputs of the transmait chains 46-1 through
46-M are connected to first ends of the feeders 42-1 through
42-M, respectively. The teeders 42-1 through 42-M are cables
that interconnect the radio unit 38 and the antenna array 40.
Second ends of the feeders 42-1 through 42-M are connected
to corresponding connectors 54-1 through 54-M of the
antenna array 40. Within the antenna array 40, multiple sub-
arrays 56-1 through 56-M are connected to the feeders 42-1
through 42-M, respectively, via corresponding couplers 58-1
through 58-M and the connectors 54-1 through 54-M.

In this embodiment, the transmit chain 46-1, the connector
52-1, the feeder 42-1, the connector 34-1, and the coupler
58-1 form a transmit path 60-1 having a corresponding
impulse response H, by which an input signal S, of the trans-
mit chain 46-1 1s transformed to provide an output signal
S| our to the corresponding sub-array 56-1. Together, the
transmit path 60-1 and the SER coordinated processing com-
ponent 48-1 form a first module 62-1. Likewise, the transmit
chain 46-2, the connector 52-2, the feeder 42-2, the connector
54-2, and the coupler 58-2 form a transmit path having a
corresponding impulse response H, by which an input signal
S, of the transmit chain 46-2 1s transformed to provide an
output signal S, ;- to the corresponding sub-array 56-2.
Together, the transmit path and the SER coordinated process-
ing component 48-2 form a second module. In the same
manner, the transmit chain 46-M, the connector 52-M, the
teeder 42-M, the connector 54-M, and the coupler 38-M form
a transmit path 60-M having a corresponding impulse
response H, .by which an input signal S, ,of the transmit chain
46-M 1s transtormed to provide an output signal S, , ,,,to the
corresponding sub-array 36-M. Together, the transmit path
60-M and the SER coordinated processing component 48-M
form an Mth module 62-M.

In operation, the baseband unit 36 outputs baseband input
signals S, ;5 through S, 5, which are baseband representa-
tions of radio signals to be transmitted by the base station 30.
The equalizers 44-1 through 44-M process the baseband input
signals S, 5 through S,, ;5 to compensate or correct for the
impulse responses H, through H, , of the transmit paths 60-1
through 60-M, as estlmated by the SER, and thereby provide
the input signals S, through S, , of the transmit chains 46-1
through 46-M. In partlcular the equalizer synthesis compo-
nents 50-1 through 50-M configure the equalizers 44-1
through 44-M to apply an 1nverse of the estimated impulse
responses of the transmit paths 60-1 through 60-M, respec-
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tively. Notably, while not 1llustrated, the baseband input sig-
nals S, 55 through S, ., may be conditioned by correspond-
ing conditioning component(s) prior to equalization 1f the
baseband mput signals S, ;5 through S,/ 5 are correlated. In
other words, the input signals S, through S, ,should be uncor-
related. If they are not, then conditioning may be performed in
order to remove the correlation between the input signals S,
through S,, While not essential, the interested reader can
refer to U.S. patent application Ser. No. 13/894,826 for a
discussion on one example conditioning process.

The mput signals S, through S, , are then processed by the
transmit chains 46-1 through 46-M (e.g., upconversion,
amplification, filtering, etc.). The resulting radio signals are
then provided to the corresponding antenna sub-arrays 56-1
through 56-M via the connectors 52-1 through 352-M, the
teeders 42-1 through 42-M, the connectors 54-1 through
54-M, and the couplers 58-1 through 58-M. Significant non-
linearities 1n the transmit paths 60-1 through 60-M (e.g.,
non-linearities ol power amplifiers in the transmit chains 46-1
through 46-M) are typically taken care of by non-linear pre-
distortion techniques. To calibrate and compensate for the
linear impairment of phase and/or amplitude 1n the transmat
paths 60-1 through 60-M, the SER operates to estimate the
impulse responses H, through H, , of the transmait paths 60-1
through 60-M in the manner described above. The estimates
of the impulse responses H, through H, , are then used by the
equalizer synthesis components 50-1 through 50-M to set the
equalizers 44-1 through 44-M to apply an inverse of the
estimated impulse responses H, through H,, respectively,
and thereby correct, or compensate, for the linear impairment
of phase and/or amplitude 1n the transmit paths 60-1 through
60-M.

In order to estimate the impulse responses H, through H, ,
the SER operates in the manner described above. Specifically,
for an 1initial or first iteration of the SER, the SER coordinated
processing component 48-1 recerves a combined feedback
signal S,.,' ' from a summation component 64 in the antenna
array 40 via a feedback receiver 66. The summation compo-
nent 64 operates to sum the output signals S, 5, through
Srrour The feedback receiver 66 operates to receive (e.g.,
downconvert and digitize) the combined feedback signal
S, . The SER coordinated processing component 48-1 then
computes an estimate of the impulse response H, of the trans-
mit path 60-1 for the first iteration, which 1s referred to as the
estimate H, ; of the impulse response H, of the transmit path
60-1, based on the combined feedback signal S,,,' ' and the
input signal S,. The SER coordinated processing component
48-1 thenremoves a contribution (i.e., S, *H, , ) of the transmut
path 60-1 from the combined feedback signal S, .''
thereby provide a feedback signal S, for the next SER
coordinated processing component 48 in the SER, which 1s
the SER coordinated processing component 48-2. The SER
coordinated processing component 48-1 then outputs the
feedback signal S, .*' for the SER coordinated processing
component 48-2.

Likewise, upon receiving the feedback signal S,.>', the
SER coordinated processing component 48-2 computes an
estimate of the impulse response H, of the transmit path 60-2
(1.e., the transmit path formed by the transmit chain 46-2, the
connector 52-2, the feeder 42-2, the connector 54-2, and the
coupler 58-2) for the first iteration, which 1s referred to as the
estimate H,, of the impulse response H, of the transmit path
60-2, based on the feedback signal S...*" and the input signal
S,. The SER coordinated processing component 48-2 then
removes a contribution (1.¢., S, *H,, ) ol the transmit path 60-2
from the feedback signal S,..*' to thereby provide a feedback
signal S,..>" for the next SER coordinated processing com-
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ponent 48 in the SER, which 1s the SER coordinated process-
ing component 48-3 (not shown). The SER coordinated pro-
cessing component 48-2 then outputs the feedback signal

31
SFB -

The first 1teration of the SER continues 1n this manner until
the SER coordinated processing component 48-M receives a
feedback signal S, .*" from its preceding SER coordinated
processing component 48-(M-1) 1n the SER. Upon recerving,
the feedback signal S,..**', the SER coordinated processing
component 48-M computes an estimate of the impulse
response H, , of the transmit path 60-M for the first iteration,
which 1s referred to as the estimate H,, of the impulse
response H, ,of the transmit path 60-M, based on the feedback
signal S,..*"* and the input signal S, ,. The SER coordinated
processing component 48-M then removes a contribution
(1.e., S, H, ) of the transmit path 60-M from the teedback
signal S,..""" to thereby provide a feedback signal Sa for the
next SER coordinated processing component 48 1n the SER,
which 1s the SER coordinated processing component 48-1
(i.e., the feedback signal S, ~ is the feedback signal for the
S. JR coordinated processing component 48-1 for a second
iteration of the SER). The SER coordinated processing com-
ponent 48-M then outputs the feedback signal S =5~ to the
SER coordinated processing component 48-1 for the second
iteration of the SER.

Next, a second iteration of the SER 1s performed. In the
second 1teration of the SER, the SER coordinated processing
component 48-1 first adds the contribution (1.e., S,*H,,) of
the transmit path 60-1 removed 1n the previous iteration of the
SER back into the feedback signal S ..** to thereby provide a
modified feedback signal S,.."*". The SER coordinated pro-
cessing component 48-1 then computes a new estimate of the
impulse response H, of the transmit path 60-1 for the second
iteration, which 1s referred to as the estimate H,, of the
impulse response H, of the transmit path 60-1, based on the
modified feedback Slgnal S, " and the input signal S,. The
SER coordinated processing component 48-1 then removes a
contribution (1.e., S;*H, ,) of the transmait path 60-1 from the
modified feedback signal S,z ' to thereby provide a feed-
back signal S, .>* for the next SER coordinated processing
component 48 1n the SER, which 1s the SER coordinated
processing component 48-2. The SER coordinated process-
ing component 48-1 then outputs the feedback signal S,>*
for the SER coordinated processing component 48-2.

Likewise, upon receiving the feedback signal S,.*?, the
SER coordinated processing component 48-2 adds the con-
tribution (1.e., S,*H,,) of the transmit path 60-2 removed 1n
the previous iteration of the SER back into the feedback
signal S,..>* to thereby provide a modified feedback signal
S,.»~>". The SER coordinated processing component 48-2
then computes a new estimate of the impulse response H, of
the transmit path 60-2 for the second iteration, which 1s
referred to as the estimate H,, of the impulse response H, of
the transmait path 60-2, based on the modified feedback signal
S,~>"and the input signal S,. The SER coordinated process-
mg component 48-2 then removes a contribution (1.e.,
S,*H,, ) of the transmit path 60-2 from the modified feedbaek
signal S,.,°*" to thereby provide a feedback signal S,..;>~ for
the next SER coordinated processing component 48 1n the
SER, which 1s the SER coordinated processing component
48-3. The SER coordinated processing component 48-2 then
outputs the feedback signal S,.>> for the SER coordinated
processing component 48-3.

The second 1iteration of the SER continues in this manner
until the final SER coordinated processing component 48-M
receives a feedback signal S,.;** from its preceding SER
coordinated processing component 48-(M-1) in the SER.
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Upon receiving the feedback signal S, ."**, the SER coordi-
nated processing component 48-M adds the contribution (1.¢.,
S,/ H,, ) of the transmit path 60-M removed 1n the previous
iteration of the SER back into the feedback signal S.."** to
thereby provide a modified feedback signal S,..***. The SER

coordinated processing component 48-M then computes a
new estimate of the impulse response H, ,of the transmit path
60-M for the second iteration, which 1s referred to as the

estimate H, ., of the impulse response H, ,of the transmit path
60-M, based on the modified feedback signal S..***" and the
input signal S, . The SER coordinated processing component
48-M then removes a contribution (1.e., S, *H, ,,) of the trans-
mit path 60-M from the modified feedbaek signal S,..""*' to
thereby provide a feedback signal S,."> for the next SER
coordinated processing component 48 1n the SER, which 1s
the SER coordinated processing component 48-1. The SER
coordinated processing component 48-M then outputs the
feedback signal S,."> for the SER coordinated processing
component 48-1.

Iterations of the SER continue in this manner until a final
iteration of the SER 1s reached. Note that the desired number
of iterations 1s, in one embodiment, greater than or equal to 2.
In another embodiment, the number of 1terations 1s greater
than or equal to 8. Note that the number of iterations per-
formed 1s, 1n one embodiment, a tradeoil between accuracy
and time.

In the final 1teration, the SER coordinated processing com-
ponent 48-1 receives a feedback signal S,.,'" from the SER
coordinated processing component 48-M, where N 1s the
number of iterations performed by the SER. Upon recerving
the feedback signal sit the SER coordinated processing com-
ponent 48-1 adds the contribution (1.e., S H*, . ;) of the
transmit path 60-1 removed 1n the previous iteration (1.¢., the
(N-1)th 1teration) of the SER back into the feedback signal
S, to thereby provide a modified feedback signal S,.." ™.
The SER coordinated processing component 48-1 then com-
putes a new estimate of the impulse response H, of the trans-
mit path 60-1 for the Nth iteration, which 1s referred to as the
estimate H, ,, of the impulse response H, of the transmit path
60-1, based on the modified feedback signal S,.'"** and the
input signal S,. The SER coordinated processing component
48-1 then removes a contribution (1.e., S, *H, »,) of the trans-
mit path 60-1 from the modified feedback signal S, to
thereby provide a feedback signal S,.*" for the next SER
coordinated processing component 48 in the SER, which 1s
the SER coordinated processing component 48-2. The SER
coordinated processing component 48-1 then outputs the
feedback signal S,.*" for the SER coordinated processing
component 48-2.

Likewise, upon receiving the feedback signal S, ., the
SER coordinated processing component 48-2 adds the con-
tribution (1.e., S *HZ( ~—1) 0f the transmit path 60-2 removed
in the previous 1terat10n (1.e., the (N-1)th iteration) of the
SER back into the feedback 81gnal S5 to thereby provide a
modified feedback signal S,..*™. The SER coordinated pro-
cessing component 48-2 then computes a new estimate of the
impulse response H, of the transmit path 60-2 for the Nth
iteration, which i1s referred to as the estimate H,,, of the
impulse response H, of the transmit path 60-2, based on the
modified feedback signal Sir and the input signal S,,. The SER
coordinated processing component 48-2 then removes a con-
tribution (1.e., S,*H,,,) of the transmit path 60-2 from the
modified feedback signal S,.**" to thereby provide a feed-
back signal S,..>" for the next SER coordinated processing
component 48 1 the SER, which 1s the SER coordinated
processing component 48-3. The SER coordinated process-
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ing component 48-2 then outputs the feedback signal S,
for the SER coordinated processing component 48-3.

The Nth (or final) 1teration of the SER continues 1n this
manner until the final SER coordinated processing compo-
nent 48-M receives a feedback signal S,..**" from its preced-
ing SER coordinated processing Component 48-(M-1) 1n the
SER. Upon recewmg the feedback signal S,.*", the SER
coordinated processing component 48-M adds the contribu-
tion (1.€., S, *H, ) of the transmit path 60-M removed in
the previous iteration (1.e., the (N—l)th iteration) of the SER
back into the feedback mgnal S, to thereby provide a
modified feedback signal S . MM The SER coordinated pro-
cessing component 48-M then computes a new estimate of the
impulse response H, , of the transmit path 60-M for the Nth
iteration, which 1s referred to as the estimate H, ., of the
impulse response H, , of the transmit path 60-M, based on the
modified feedback signal S,..**** and the input signal S, .

At this point, the process 1s complete. The estimates H,
through H, ,.-are the final estimates of the impulse responses
H, through H, ,of the transmit paths 60-1 through 60-M. The
final estimates of the impulse responses H, through H, ,of the
transmit paths 60-1 through 60-M are then used by the equal-
izer synthesis components 50-1 through 50-M to configure
the equalizers 44-1 through 44-M to correct or compensate
for linear distortions (1.e., to equalize) of the transmuit paths
60-1 through 60-M. Notably, during operation, the estimation
process performed by the SER may be repeated as desired in
order to update the final estimates of the impulse responses H,
through H,, of the transmit paths 60-1 through 60-M over
time 1n order to account for changes 1n the impulse responses
H, through H, , of the transmit paths 60-1 through 60-M.

FI1G. 7 illustrates the base station 30 according to another
embodiment of the present disclosure. This embodiment 1s
similar to that of FIG. 6 but where the base station 30 includes
multiple radio units 38-1 through 38-M. The transmit chains
46-1 through 46-M together with the SER coordinated pro-
cessing components 48-1 through 48-M are implemented 1n
different radio units 38. Thus, the transmit chain 46-1 and the
SER coordinated processing component 48-1 are imple-
mented 1n the radio unit 38-1, the transmit chain 46-2 and the
SER coordinated processing component 48-2 are imple-
mented 1n the radio unit 38-2, etc. Note that while all of the
transmit chains 46-1 through 46-M and their corresponding,
SER coordinated processmg components 48-1 through 48-M
are 1implemented 1n different radio units 38 1n this embodi-
ment, 1n an alternative embodiment, some of the transmit
chains 46-1 through 46-M and their corresponding SER coor-
dinated processing components 46-1 through 46-M may be
implemented 1n the same radio unit 38. For example, the
transmit chains 46-1 and 46-2 and the corresponding SER
coordinated processing components 48-1 and 48-2 may all be
implemented 1n a single radio unit 38, where the rest of the
transmit chains 46-3 through 46-M and the corresponding
SER coordinated processing components 48-3 through 48-M
may be implemented 1n different radio units 38.

In this embodiment, the feedback receiver 66 1s shown as
being implemented external to the radio units 38-1 through
38-M. However, 1in another embodiment, the feedback
receiver 66 may be implemented 1n one or all of the radio units
38-1 through 38-M (e.g., each of the radio units 38-1 through
38-M may include a feedback receiver such that a SER coor-
dinated processing component 48 of any one of the radio units
38-1 through 38-M can be utilized as the first SER coordi-
nated processing component in the SER). Also, the feedback
signals S..;”" are sent between the SER coordinated process-
ing components 48-1 through 48-M via the baseband unit 36
in this embodiment. However, the feedback signals S.;""
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may alternatively be communicated directly between the dii-
terent radio units 38-1 through 38-M.

FIGS. 8 through 10 1illustrate simulation results for one
example implementation of the SER of FIGS. 6 and 7 where
M=4 and N=8. In particular, FIGS. 8 through 10 illustrate the

impairment estimation and phase accuracy over frequency
after the first iteration of the SER, after the second iteration of
the SER, and aiter the eighth iteration of the SER, respec-
tively. From FIG. 8, 1t can be seen that the phase accuracy 1s
relatively poor at £12 degrees after the first iteration. How-
ever, as can be seen from FIG. 10, the phase accuracy
improves to a nearly ideal £0.3 degrees after only eight itera-
tions of the SER.

The SER coordinated processing components 24 and 48
described above can be implemented 1n any suitable manner.
In one embodiment, each SER coordinated processing com-
ponent 24, 48 1s implemented 1n hardware or a combination of
hardware and software (e.g., at least one processor executing
soltware that istructs the processor to provide the function-
ality of the SER coordinated processing component 24, 48
according to any of the embodiments described herein). In
another embodiment, a computer program 1s provided that
includes nstructions which, when executed on at least one
processor, cause the at least one processor to carry out any of
the methods of operation of a SER coordinated processing
component 24, 48 discussed above. In another embodiment, a
carrier containing the aforementioned computer program 1s
provided, where the carrier 1s one of an electronic signal, an
optical signal, a radio signal, or a computer readable storage
medium (e.g., a non-transitory computer readable medium).

While not being limited by any particularly advantage(s),
some embodiments of the SER disclosed herein allow for a
simplified configuration for coordinated impulse response
estimation processing in modular and scalable systems. In
addition, some embodiments allow for processing to be dis-
tributed across modules and, therefore, lead to less processing
per module compared to a centralized architecture. Still fur-
ther, the number of interconnects between modules i1s reduced
as compared to a centralized architecture. Due to the ring
topology, the SER allows unlimited scalability with reduced
cost and complexity.

The following acronyms are used throughout this disclo-
sure.

4G 4" Generation
5G 5" Generation
SER Scalable Estimation Ring

Those skilled in the art will recognize improvements and
modifications to the embodiments of the present disclosure.
All such improvements and modifications are considered
within the scope of the concepts disclosed herein and the
claims that follow.

What 1s claimed 1s:

1. A base station for a wireless network that performs
calibration of an antenna array to remove distortion incurred
by a plurality of transmit paths 1n the base station, the antenna
array including a plurality of sub-arrays each connected to a
corresponding one of the plurality of transmit paths, the base
station comprising:

a feedback receiver configured to recerve a combined radio
frequency feedback signal and output a combined feed-
back signal, the combined radio frequency feedback
signal being a summation of a plurality of output signals
of the plurality of transmit paths 1n response to a plural-
ity of input signals; and

a scalable estimation ring configured to estimate impulse
responses ol the plurality of transmuit paths based on the
combined feedback signal 1n a distributed manner, the
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scalable estimation ring comprising a plurality of scal-
able estimation ring coordinated processing compo-
nents each operating to estimate the impulse response of
a corresponding one of the plurality of transmit paths.

2. The base station of claim 1 wherein each transmit path of
the plurality of transmit paths comprises a transmit chain, a
teeder having a first end connected to an output of the transmut
chain and a second end, and a coupler configured to connect
the second end of the feeder to a corresponding one of the
plurality of sub-arrays.

3. The base station of claim 2 wherein the transmit chains
of the plurality of transmit paths are implemented 1n a single
radio unait.

4. The base station of claim 2 wherein the transmit chains
ol the plurality of transmit paths are implemented 1n different
radio units.

5. The base station of claim 2 wherein the transmit chains
of at least two of the plurality of transmit paths are imple-
mented 1n different radio units.

6. The base station of claim 1 wherein, 1n order to estimate
the impulse responses of the plurality of transmit paths, for an
initial 1iteration of the scalable estimation ring, each scalable
estimation ring coordinated processing component of the plu-
rality of scalable estimation ring coordinated processing
components 1n the scalable estimation ring 1s configured to:

receive a feedback signal for the scalable estimation ring

coordinated processing component;

compute an 1nitial estimate of the impulse response of a

corresponding transmit path of the plurality of transmut
paths based on the feedback signal for the scalable esti-
mation ring coordinated processing component;
remove a contribution of the corresponding transmit path
from the feedback signal for the scalable estimation ring
coordinated processing component based on the 1nitial
estimate of the impulse response of the corresponding
transmuit path to thereby provide a feedback signal for a
next scalable estimation ring coordinated processing
component 1n the scalable estimation ring; and
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output the feedback signal for the next scalable estimation
ring coordinated processing component 1n the scalable
estimation ring.

7. The base station of claim 6 wherein:

for a first scalable estimation ring coordinated processing,

component 1n the scalable estimation ring, the feedback
signal for the 1imitial 1teration 1s the combined feedback
signal from the feedback receiver; and

for each additional scalable estimation ring coordinated

processing component in the scalable estimation ring,
the feedback signal for the imitial 1teration 1s the feed-
back signal output by a preceding scalable estimation
ring coordinated processing component 1n the scalable
estimation ring for the initial 1teration.

8. The base station of claim 7 wherein, 1n order to estimate
the impulse responses of the plurality of transmit paths, for a
second 1teration of the scalable estimation ring, each scalable
estimation ring coordinated processing component of the plu-
rality of scalable estimation ring coordinated processing
components 1n the scalable estimation ring 1s configured to:

recerve a new feedback signal output by a preceding scal-

able estimation ring coordinated processing component
in the scalable estimation ring;

add the contribution of the corresponding transmit path

removed 1n the 1nitial 1teration of the scalable estimation
ring into the new feedback signal to thereby provide a
modified new feedback signal;

compute a new estimate ol the impulse response of the

corresponding transmit path based on the modified new
feedback signal;

remove a contribution of the corresponding transmit path

from the modified new feedback signal based on the new
estimate of the impulse response of the corresponding
transmit path to thereby provide a new feedback signal
for the next scalable estimation ring coordinated pro-
cessing component 1n the scalable estimation ring; and
output the new feedback signal for the next scalable esti-
mation ring coordinated processing component in the

scalable estimation ring.
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