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Precode * Create directional beams
ol B focusing onto user devices

~ Y R - Beam direction steered
gy A in real time by precoding
i Y phases electrically
Sl « Generally, calibration is
needed to aligh inter-element
mismatch (IEM)
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oIMS  Samsung’s mmWave Base Stations =
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1024 ant./1024PAs - 1024 ant./2048 PAs

31 generation BS
T o]
» > 1500 antennas g p— parEisi I

e > 3000 PA i ........
P S 5G Modem ASIC = j
15& 2" Gen

5G FWA 1 Gen 5G Modem SoC Compact Macro

Solution
1536 ant./3072 PAs.

3“Gen RFIC 2™ Gen
5G Modem SoC

> Calibration time/PA must be short =]

DFE RFIC Integrated Chip

3rd Gen
Compact Macro

https://www.samsung.com/global/business/networks/solutions/chipsets/
https://youtu.be/PON-kI2AYh8
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SoIMS Doherty Power Amplifier ©

SAN DIEGO

Diff. Wilkinson Divider

31 generation BS
« > 1500 antennas
« > 3000 PAs

. Doherty PA (DPA) combining | e
2-differently biased amplifiers 1536 ant,/3072 PAs
> 6000 output-stage amplifiers e

3“Gen RFIC 2™ Gen
5G Modem SoC

> Calibration time/amp. must be short 8

DFE RFIC Integrated Chip

3rd Gen
H. -C. Park et al., “Single Transformer-Based Compact Doherty Power Amplifiers for 5G RF Phased-Array ICs,” (JSSC 2022) COmpact Kao

RTu2C-2: Joonho Jung et al., “A 39 GHz 22X 16-Channel Phased-Array Transceiver IC With Compact, High-Efficiency Doherty Power Amplifiers,” (RFIC 2023)
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\/ - >
Common digital block | | >7 Sum of PA [1 g’gﬁ (lxves
drives all elements g \IS’[OI”[IOHS S
i i DPA, 1536 ant./3072 PAs
— DPD DAC>—<%>7 [ !

LO
Observation ) = g
receiver R 5G hznocg:Soc
= |
Extract distortion Actual distortion of each PA M c°£;2céiz‘acro
from common feedback | may not be the same as extracted.
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DPD

DAC

4 2tone

< IEEE

AAY

MTT-S

IEEE MICROWAVE THEORY &

TECHNOLOGY SOCIETY

IEM as IMD,, Variation -

v

LO

SAN DIEGO

— —
o ot

Normarized Pout (dB)
ot

—10 —5 0 )
IF input offset from the target (dB)
—20

—9251

—10 —5 0 )
IF input offset from the target (dB)
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w/0 IEM compensation w/0 IEM compensation
—20 -

2 g
) S
DO’) (ap)
= % —40
=) =
&g £
3 3 -

—60 Pk, - ' —60

—10 -5 0 5 —10 —5 0 5
IF input offset from the target (dB) IF input offset from the target (dB)

Match IMD; levels at the target input power
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o2 IMS  Motivation (1): IEM Compensation
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All vs. single on
Heat difference

w/0 IEM compensation w/0 IEM compensation

. . )
-20 | Meas. time =20
~34 sec/PA
Q -30; (36 points) g ~30
o) a’
s —40 s —40
5 =
&g &
3 50 3 —50
60 - - 60
—10 —5 0 5) —10 —5 0 5)
IF input offset from the target (dB) IF input offset from the target (dB)

\ Match IMD; levels at the target input power!
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00 IMS Motivation (2): Fast IMD; Measurement:

SANDIEGO

Conventional IM; measurement Fast simultaneous IM; measurement

______
I

|

I

I 1

! |
| |
(P, )DPA, | >_
| |
e A |
| : [
| i
' i
! !
| 8 1 7
: |

SG

|

______

I
|
I

Partially P i@ I
= 11T

Modulate
w/ code

Spectrum 2-tone + chirp|
measurement
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00 IMS  PAA Gain/Phase w/ Orthogonal Code_ ==
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[AII elements are characterized S|multaneously}

{ Modulatew/ yi=H1-ap+jap+jap—1-ap)-x
SIS K R y2=jrapp+1app—1-ars+j-ar)-x
Pty y3:(+j'aT1_1.'aT2+1'aT3+j'aT4)'x
g ya=(l-ap+j-app+j-ap+1-ap)-x
/ Ly Y
X o /aT v }z [Orthogonal code HT] [4-vector measurement}
Py
r = =H; A7 -x
Y oy -
P Gain/Phase of each element 4,
Transmitter Receiver Ar=Hy ' (y-x71)

[4-element example}

Condition number of H; - inaccuracy of solution 4
Orthogonal code: cond(H;) =1
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Fast Measurement Example
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Hadamard Matrix Single Y1 = Higroms * Ar - X
(commor}gllyjc _ulsedf)l - Capture > J V2= H1-6,.0WZ A - X
H1 - 1, sz — [HZ Ij .
2k=1 T Hgk= Vi = H Ay x
Recursive for (k =0,1,2 ...) _ 716 Lorow16
Y1 ;
A @Power difference 116 eIemIent}

IM; is 30~50 dB Cofl.. 40dB e sxanpe

lower than 2-tone § ol Y16,
(IM; of y3 is b y
70~90 dB lower § 20 | 2 1
than mean vy, " sl y W |
Low SNR 4o U

0

20 40

60

80 100 120 140

Capture Time (us)
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H4k—1 H4k—1 _H4k—1
Hyx-+ —Hyk-1  Hyk—
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Proposed Code

[ H4k—1
H k-1
H k-1

H, k- H,r— H k-1

_H4k—1

H4k =

ts)

5
X S 4
S ZH
5 2=
= Sy

tk2k2
.nFUmHH
&g
© &
o S
o >
Hm —

m I

o =

S

Recursive for (k =0,1,2...)

A RS R R R L S S R S RS R R R~ R
2 P _—
< -
O v H"w
p”” — < K2
nv"ﬂ =
N = o
c L 8,
= (@)
) =)

mooooooooooooooo

] =] I B B B e Bl B ] ) ey e e

o] =1 1 =1 Y T =T B B ] ] T T =T e B

S R R R R CEEE

S I EEEEE

SRR R R CREIE

SR IR R E CICIRIEIE

SR R R R CIREIE

SRR R EEEIE

SR IR R CI R EIEIE

I R R R I R R R R R R R R R AR AR

e
&
25
]

=]
&

=x=1
v
=
o0
EE
£2
ga
w

)
U
-
=

[1] Y. Aoki et al., “Fast Characterization of Phased-Array Elements Using Orthogonal Codes,” (T-MTT 2023)
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Hadamard Matrix Proposed Code
(commonly used) Hyer Hyer Hpper —Hypen
H k—1 H k—1 H4k—1 H4k—1 —H4k_1 H4k—1
H, =1, Hx=|,* 2 He=| g  _H... H. H x
2 H,k-1  —Hjk-1 4k—1 ak—1 4k—1 g1
Recursive for (k =0,1,2...) |—H k-1 Hye-1 Hype-1 Hyk-1 |
10 —
Hadamard matrix
0r J4O dB @ (YT Proposed matrix | |
g
T -10 |
S |
B 20| W
&
-30 -
L
-40 1 1 | | L
0 20 80 100 120 140

Capture Time (us)
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o0 IMS PAA IMD; w/ Orthogonal Code .=
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Same as fast PAA calibration S ~
w/ orthogonal code Orthogonal codes Hy 2_{_)0“6
WE/IMD at the same time y=H;-A;-x e hio
....... Y
ot arV Amplitude/Phase
TPy
Z LY At of each path 4y How to solve for h
X/ % /a W }= [2-tone+chirp} Amplitude/Phase
\ HolH > A of IM;? )
TN @
L2 Output y ‘
. ! ’ .
Transmitter Recelver Use IMJ’s relative

Amplitude/Phase
- from 2-tone -

[Am plitude/Phase y]7

[1] Y. Aoki et al., “Fast Characterization of Phased-Array Elements Using Orthogonal Codes,” (T-MTT 2023)
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o0 IMS  |MD, Phase: Relative Phase of IM; _==
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B i alie meali

Definition Gain-expansion Gain-compression

Pimp = £IMy s, — L5y,

e

Mg, Mgy (Maf
N

Sy+S, +IMg +IM,, In-phase E Out-phase }

(1mp=0°) (¢@;yp=180°)

[1] Y. Aoki et al., “Fast Characterization of Phased-Array Elements Using Orthogonal Codes,” (T-MTT 2023)
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CUMS IMD, Characterization -
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‘Gain/Phase of PAA elements’ T ﬁxg:ggg (IIII\I>IA[[))33 |
3

-1 —
Ar = Hr '()’ * X 1) LA pa<90° A< 2A,,,>90°
—20 -
2-tone ampl/phase
‘ for each phase code

Az =Hp ' ()’1M3 cx 1 )

I
o
=)

—40 &

Relative ampl/phase IM; ampl/phase
of IM3(IMD5) for each phase code

Aimps = Aus © Ay

[Element wise division}

Output IMD3 (dBc)

|
ot
=)
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Observation
receiver

- MTT-S

p IEEE MICROWAVE THEORY &
TECHNOLOGY SOCIETY

< IEEE

Signlgeneaor A\

Local oscillator
(Keysight VXG)
B N NI 0 N Y

N
o/

2 r ZLa e
L a8y oty e B
S & 3 Y 4 o)
51 & By &
) Y AT
v ) o v

4x4 RFIC
on backside
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on IS 28-GHz 2x16-TRx-Element RFIC =
4
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Eeys Az 5  Resolution: 32 states

. PA Carrier Amp

.‘ - _T{_. g
| vd_|L~d Peaking Amp.
L _dlsal

3
Eﬁ

28-GHz x16 Hpnol Transceiver
28-GHz x16 Vpol Transceiver

{jod-y)
(TR

TRx Block #4 (for Element #13~#16)
TRx Block #3 (for Element #9~#12)
_” TRx Block #2 (for Element #5~#8)

TRx Block #1 (for Element #1~#4) 4-Way

TRx Element #4
TRx Element#3 ~ 4-Way

TRx Element #2

TRx Element #1

% A2
N""y ; i
'Resolution: 5.6° (64 states)] =

RTu2C-2: Joonho Jung et al., “A 39 GHz 2x16-Channel Phased-Array Transceiver IC With Compact, High-Efficiency Doherty Power Amplifiers,” (RFIC 2023)
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oIMS Measurement Time 2
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---- Average |IMD;|
— Average (IMD,)

—920 .

s —

x36 power sweep points § Y
= 3.5 min (5.9 sec/swp point) S
Conventional method: 143.6 min le -
(0.9 sec/swp point/PA) ©
. —60
40.6 times faster than 10

- IF i t offset f the t t (dB
the conventional method input offset from the target (dB)
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- CrAw/o [EM comp. | PKA w;

90° P/kZ E
Bas

IEM comp.

Output IMD5 (dBc)

wIEM comp.

CrA 90°

Optimized i Optimized
point I point

CrA and PKA are
separately optimized

Output IMD5 (dBc)

-50]

8 6 4 -2 0 2 4 6 B -6 -4-20 2 4 6 8
Offset from the target IF input power (dB) Offset from the target IF input power (dB)
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o IMS IEM Compensation
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90° -PKA
/LE ,
i

CrA w/o IEM comp.

_—

Output IMD5 (dBc)

.

i
SAN DIEGO

| PkA w/0 IEM comp.

90° e —
CrA - CrAw/ IEM comp.

_20_

A

§,,-30 V4

" 4 Optimized

CrA and PkA are = ' N ot
separately optimized ]

-50|

00 g 542 0 5 4

6

Offset from the target IF input power (dB)

.....

' PkA w/ IEM comp.

ii2

eI

Optimized i""llr-_.;_.;«"
point

8 6 -4 -2 0 2 4 6 8
Offset from the target IF input power (dB)
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onIMS IEM Compensation Result
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w/0 IEM compensation

—20 —20

|
o
o

|
o
S

25.9 dB
(RMS 5.2 dB)

&
o

Output IMD,, (dBc)
-
|
3

Output IMD3 (dBc)
S

60 - - 60

iy
ﬂ@'
T

SAN DIEGO

w/0 IEM compensation

3.0dB
(RMS 0.7 dB)

1 1

—10 -5 0 d —10 -5 0 3

IF input offset from the target (dB)

IF input offset from the target (dB)
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@0 IMS  Beam Pattern and IM, Radiation ==
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No DPD results are similar
regardless of IEM comp.

Main beam patterns
are identical

30
— - = w/o IEM comp. no DPD
70 7 - w/ IEM comp. no DPD
- - = w/o IEM comp. no DPD 20 } “ '
60 N\~ w/ IEM comp. no DPD ! ‘ w/o IEM comp. DPD
w/o IEM comp. DPD 33dB _____________ Loy =W/ IEM comp. DPD

~ 50 ——w/ IEM comp. DPD ~ 10 N |
= =
g oa)
> e 0
o ™
m p=

10 —20
-90° —-60° -30° 0° 30° 60° 90°
Azimuth 30
—-90° —-60° —-30° 0° 30° 60° 90°

Azimuth

3.3 dB lower IM; for DPD with IEM compensation.
Also, it has lower IM3 emission in #30°~60° range
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* Fast inter-element mismatch compensation technique
for phased-array beamformers is demonstrated

« 256 PAs are measured simultaneously using 2-tone+chirp
signal modulated with proposed orthogonal code

* The proposed method can characterize IMD4 40 times faster
than the conventional method

* RMS IMD, variation is suppressed from 5.2 dB to 0.7 dB
* |M; radiation with DPD is suppressed by 3.3 dB
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Thank you
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