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o IMS Digital transformation

Connecting Minds. Exchanging Ideas.

» Society and economy are seeing a strong
transformation =2 digital technology and digital
business innovation

» All information are transformed into Digital Data
and the number of communication links and
data storage clouds are exploding

» Need of improved nano-scaled technologies,
high data rate communication systems

» Phased array systems allow to increase
efficiency of the communication network
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aniIMS Phased Array System
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» Phased array systems exploit the use of multiple antennas to /[ RF Source ]\
increase the directivity of the equivalent antenna resulting in a
greater resilience to the spatial interference, an improvement Ep“aiﬂ?] Ephai:?:;ﬂ ﬁ’hﬂﬂ Ephaiff&ﬂ
of the signal-to-noise ratio and higher power d ,

» Different architectures possible depending on target frequency
and performance/flexibility demand

» Challenging RF-mmWave circuits of the phased array system 6
are Frequency Synthesizers and Up-Down Converter

Up-Dn conversion \L@
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o IMS Frequency Synthesizers
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» Frequency synthesizers provide the 0
LO signal to the system T Up-Dn conversion [
V. 2 ey 266QAM |
> Jitter requirement is proportional the — P // o
modulation complexity, 1024QAM synthesizers (LO) E' :Eﬁ:ﬁ;izé“cm. g /
require <50fs PLL jitter (6G | Pz o | S .t
perspective) I g
> Digital PLL provide many advantages o e T
» Area optimization
. . T T T e e e ———— L)
» Power optimization D ref Digital twk] out :
> Flexibility/configurability : Loop Filter = !
> Superior jitter performance : !
: IFrequency Py 0
I | Divider :
: I
J
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aonIMS LO and Phased Array
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. + L0 { Antenna
- PA L el TRX#1 j;l;ﬁ b
o - >—| i .
» The phase-shifter in the LO : | L P rRxs2 japz }P
path enables higher beam H Loo—(H D LI v " N
steering accuracy thaninthe i & J L e TRX#S S
. : RX X '
RF/IF phase-shifting cases | @&l
1 * TRX Element--=-=-=n=nnnnmmmmmmmmmmmmce 1 2 TRX #N j7RFN
. . IR REPe . ref Antenna
> Avoids routing of the mmwW i PA o T LY, [
1 IF [49 -
. ! TX o i
LO signal on the IC and : QX '[>‘| : Y. <
allows 1040g(N) reduction in 1 — e L i e
PLL PN from over-the-air E phase i N T jﬁa N
coupling i '5—®—%-<|—| T
T ; LNA i .
> PLL can do phase shifting | .y cementeemroomooemoeeooeneocene. N A 3
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. I BBPLL
» Skew and mismatch on reference ! L1?1 Li?z i L,i,’a L,F outputs
. . | I phase
clock path introduces phase shift {[eepic] [eepic |: opL] .. [espur m qg’offsez
# # 1 # #N+ AR
: : I arhalL
inaccuracies ! ] Lt
refc:—— At, Wt, - - At,|
» Digital Phase Offset Correction (DPCO)  ----2-------- ~. timing >
. . / ~\\
unit senses the offset and cancels it / N L0, L6 LO,
. / S
via DTC } TN
~
,‘------;T-c:,:;.g;z;,;':::_::_'_:_'_:::::..'.::"“"
Aty I refo mismateh 1" ref; ;
G ., P T I e O g
| an : DCO | :
Gims,1 1 E Divider i
;1 o:;-callk] tiw,o—'% it TmclK E
- 9 L SR BBPLL #1-* P
) == DPOC _r ‘/:/At (E X time : time t:me vary:ng
ref,, ZkE __, /error error
1 M=o/ sspo. i :g:f:,::f P e e ——— : / i —U """" H """" L o
| I 0 H POW, (=T ref, >BBPD-»[,_:ﬁ,?er—(f'\)——é—m_oz I t
[Atad GTo7-calld o Al r DCO | § phase
I SETTC [Divider] ' [ shift f——reeo——————— AP
Oiws.z :chz: i+ @—]Calibration J[k] i 1 ®..
~T = ' N — BBPLL #2-* | t
~o— T e -
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o IMS DPLL Measurements

Connecting Minds. Exchanging Ideas.

» Implemented in 28nm CMOS Bulk, active area 0.21mm?, Power 10.9mW
» F..:12.9t015.1 GHz

» litter/Noise performance
» 70,9fs (1k-100M) Single element =» PN @1 MHz=-114,6 dBc/Hz
» 51,86fs (1k-100M) Combined =» PN @1 MHz=-117,4 dBc/Hz

[Multiview | spectrum | :: || Phase Noise @1 ()

Signal Frequency 13.500892438 GHz RBW 1% SGL

Signal Level -8.87 dBm XCORR Factor 500
Att 0 dB  Meas Time ~31s Meas: Phase Noise
i 1View PN =2Clrw PN

100,000 Kz 113,89 g
1.000 MHz 117.40 dBc/Hz
0.000 MMz 128 16 485 skt

o D0.000 MHz -134.64 dBc/Hz
) 1+b0.000-MH. 14851 dfr ot
! —~—n 2
! H B o0 O iy .
- T - “\\m‘“\\* M
~120 dBc/Mz — ~ \ 120 dBc
wsdcp——+ 1 i Ll s \\ b
130 :..".. \\\ 130 d8c
i \\\
135 dBc/H : \_\us dac
40 dBc/Hz: HQQC\
SN I S I O IR I I N O O I N
wwae— | Int-N Jitter: 51.86 fsg,,s (combined) / 70.9fs;,,s (single) 150 due
55 ocpir— it T O N O A i 155 e
00 00 00 000 000 000 000 =
1.0 kHz Frequen cy Offset 100.0 MHz
2 Integrated Measurements
Range | Trace| Start Offset | Stop Offset | Weighting | Int Noise | PM | mM/AamM | Jitter |
1 1 1.000 kHz 100.000 MHz -50.14 dBc 252.07 m®°/4.40 mrad 53.458 kHz 51.863 fs
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G0 IMS  DPLL Phase-shifting measurements
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. J.P L. Wi
. o . This Work JSSC 2019 JSSC 2013
> P h a S e Re S O I u t I O n O . 7 m ( 1 9 b It) Phase-Shifting Method Digital PLL Mod. Active Analog IL-Oscillator
o Frequency Range (GHz) 12.9-to-15.1 26.5-t0-29.5 42.75-t0-49.5
» Phase-Error 0.6°rms .r _ _ _ wroeeem
! Resolution 0.7m° (19 bit) 11m* (15 bit) 22.5° (4 bit) !
> Settl | N g'T| me < 1 05 us Phase-Error RMS/Peak 0.6°/1.6° 0.3°/5.1° 0.93°/1.5°
Max Settling Time (us) 1.05 N/A N/A
: H o ' -
» Long —term phase deviation < 0.39°rms Power (W)
“Active Area (mm?) 0.21 0.39" 0.7"
Process 28nm CMOS 65nm CMOS 65nm CMOS
*Specified for one el “Not including LO g
Trc2 [l Phase 5°/ Ret0®  Cal Off PCai Offs 2 Trc2 [l Phase 2°/ Ref0*  Cal Off PCai Offs 2
- em | s mo | [ = = -
i i a5} .9
.6 1F Jgt .
I DPOC Phase valueed i = 05 | lo étpw\ o8 .8‘-6,
rogramm e : - i WP i
| activated \\ /’p 9 B — Long-term phase deviation < 0.39°rms \ § ol 8o &8.'8‘0:9.0 \Aq»o |
" H’_____+1°_____ ____________________ ______!______ R 0 10 20 30 40 50 60 70 80 90
B ¥y AN ~ A AMAA A~ A , ) Phase Shift [deg]
6°0Offset ‘ -----_]°.----.--‘Lz----..-------.'----.’ ..... dy: 15
- — S . [ ]
S - — A(P<0
o 1] ™ - el
, - 20 sec E SR N L -3
22.5 |_05 e:::‘_-__o-—-:"""-'g.'-' ----- < i
E N Ap>0
o
B w 0 i i i i A
e Y — e M1 _ 5.63 11.25 225 45 90
; - Phase Shift [deg]
Ch1 fo 13500088 GHz Pb Off Stop 100 ms Ch1 fo 13500088 GHz Pb Off Stop 20s
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onIMS Up-Down Conversion

Connecting Minds. Exchanging Ideas.

» Signal conversion from IF to RF in Phased array circuits is challenging

» Area and Power optimization
» Frequency range 30 GHz (5G communication systems)
» Large BW to accommodate high data rate

» Crowded Band occupation=>» IRR

V4 TX IF up-conversion TXRF
,' GA mixer PA
U
U
U
U
U
U
U
U
U
U
U
Lo
Z
%))
2}
w
i S
: Tl i RXIF dn-conversion RXRF
i & ~< VGA mixer LNA
i I

Up-Dn conversion
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oNniIMS UDC module overview
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r 1
i .
I — 1 [
RF range 24 ...31 GHz : BUE EH s |1ia W :
| = R2R \ |
LO frequency range 21...28 GHz I ~— S i — 11
IF . ! )
IF frequency (fixed): 3 GHz : - é é >< >\°—° :
I \ IF HYBRID ; /éWitCh I
Target TX P14g out 13-15dBm I [
’ I % INV [ GM I
Target RX Py out ~0dBm I Al I
' i | :
TX conversion gain 15...25dB : :
RX conversion gain 10...30dB : UDC M d | :
TX/RX Image Rejection >35 dB : oaule - Pl :
»UDC Architecture BW RX and TX 22 ...31 GHz
» Bidirectional to increase area efficiency of phased array GT RX 17dB
» Low IF for better power consumption, RX linearity, need for Image- GT TX 19dB
reject architecture NF <5dB
» Bi-directional passive mixer with 1Q generation P1as 14dBm

PAE @ P, 20%
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oniMS FE Module Design

» Front-End Architecture

»TX-RX share same antenna

» T/R switch based on transformer used as
impedance inverter saving area respect to
common A/4 T-line

»RX based on inductively degenerated LNA plus
Cascode stage for better gain and isolation

» PA stage and driver stage are using neutralized m‘\’_ﬂ* Oz [ e e ,
common source topology Switch OFF _|= i BRI CHEREES
| (RX mode) T8 8T

»Commong gate stage used as input for the Lg o -

matching X

> Design based on Broadband impedance Switch ON E Zy

trasformation featuring in-nand constant group  (TX Mode) il Lé-’“-éu R
ko

delay

< IEEE



=0
SAN DIEGO

aniIMS UDC Design
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TXmode RXmode

} 1Q gen/rec/lQ

- '_':Ix _______________________ network  compensation I—]:H:
N e (e VRN e A
= il 5
k | | |
' 2K I I
s i / L] | ML ~ T
F . _— L+ | E— F
------------------------ ET R e :
2 % - L % |--_'D§Q§_--_'\l Miler oy |
1 I I I
\ \ - - I .V.Y. I :EXI
IF RX Buffer IF RX VGA Variabile 1z $: —)t L :
| L]

—————

r—i—am| 8
===

matching
network

»UDC Design i
»1Q bidirectional network with calibration circuitry to balance 1Q path in TX and RX
»1Q passive mixer architecture based on transmission —gate to achieve high linearity and power
»RX IF: three stage amplifier with TIA and R-2R for matching and having variable gain configurations

»TX IF: two stage amplifier, resonant load for gain and linearity enhancement plus variable attenuator for
gain control which set high impedance in RX mode
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UDC -Wideband 1Q generation

»1Q genaration based on hybrid coupler

» Multi-stage hybrid couplers can be levaraged to
increase bandwidth and reduce quadrature error

»Saturated amplifiers reduce amplitude mismatch
between | and Q path

LO
BUF

< IEEE
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7 3 Technology: 28nm bulk CMOS by TSMC

P -

» Small area of 0.25mm? due too compact
implementation of bi-directional transceiver with
tansformer based T/R switch

% y ) v I : gl
v " T o " ™ Sl .1 ‘”'“-:.' A
\ A i ]

NZ |
: o (1 T ]1. | rollememe et
J (2 g Jir= avg
(e | > 50 EVM at P%"Y = 4.3dBm 64-QAM OFDM
T » Wideband transformer design allows 9 GHz BW
Transmitter Path Receiver Path
30 . : - . : _
G 20 P — C20F N (8 GT’th" 20 *ESSCIRC2021| won | 1 151 31|
g 207 / g HO0MHz % 10} ) N e {10 CMOS Tech. 28 nm | 65 nm 65 nm 28 nm | 65 nm
= 10l < 1o} y ~ = S Freq. [GHz] 231 | 27 | 265295 | 285 | 24-28
% E . : .100MHz % 0 10 g Supp]‘y V] 0.9 1 - 1.05 -
= ok 0 g = TX gain [dB] 19 35 20 35 27
g =420 ; ; - ; 20 £ -10f 1-10%  TXPigg [dBm] | 14 14.4 113 95 | 161
£ 10}, g Ty, o~ _ TX PAEap [%] | 187 | 145 - 85 16.6
uj] 20f o -30— l 110 U'D 20 20 RX NF [dB] 49 5.9 425 56 44
O 400NHs LY e < 30 130 RX gain [dB] 17 255 17 24 232
30 i ! . | < 40 : . . 0 . A Ppo.rx [mW] 35 50 112 50 40
15 20 25 30 35 40 =10 5 0 5 10 15 10 20 30 40 Area [mm?] 025 | 026 0.58 052 | 094

Frequency [GHz| Average P, [dBm] Frequency [GHz]
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Olcmsogn 11 ymegan] 2 : ': %0
oarse gain Ine gain
= 30 control : L___l control ! IRR : T
= D15} I I 1 40
E 20 —_— | | —
A I e e i iy m
= b =
s 10 o910 I % 20 o
ke LL NF : o
g of @ . -
c czj 5 : I 10
8 10t _ I o
u3dB bandmdtb! EidB bandmth:
-20 ' : 0 s ' : -20
1 15 20 25 30 35 40
30 -10 —T — T 80
IRR |
= ! | IRR>40dB
o 20 _-20f I | 60
» Technology: 28nm bulk CMOS < o : l
k — anbk——e—e—e- | E
by TSMC (2 1a - % 30 I\, LO leakage 40 O,
S . S 40 | \< -30dBm 20&:
> RX Py 110 mW : : . 8 : =
g -10} i i 9 -50F i 10
» TXPpc220mW @ Py S 1348 bandwidty| |
° ° _20 N 1 2 1 2 _60 2 2 o | i _20
Published in JSSC 2022 15 20 25 30 35 40 15 20 25 30 35 40
Frequency [GHZz] Frequency [GHZz]
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@2 IMS UDC Module — Large signal measurements
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B gg _ 1? > Technology: 28nm bulk CMOS by TSMC
m
= 151 112 » P, ,z0f 11.5dBm
© 10} 110 =
T 5 y » 20 dB gain variation with 1-dB-fine-step control
m
© or o
< &l » IRR > 40 dB, LO leakage < -30 dBm
(o]
o _10f . . .
15 » Tested with 64-QAM OFDM signals with PAPR = 10dB
—30 aversced ll 6 Constellation Diagram
EVM PDSCH QPSK (%) 18.50
e
£ 19 ' | S e 43 I
o | T A
b | s ety Gon) 058 o]
3 ; I/Q Gain Imbalance (d?)) - - -
© X 100 MHz gngU:igr;r)mEmr” 5.15 5.15 5.15 .
0P1dB J 400 MHz Power (d2m) 5.15 5.15 5.15

Crest Factor (dB) Q.29
1 ACIR

o

OP,| 4B’ Average P
[&)]
L
- B\ |
~

25 30 35
Frequency [GHZz]

1
N9
o
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onIMmMSs Conclusion
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 RF-mmWave circuits for Phased Array communication system in 28nm

CMOS has been presented
* A 12.9-15.1GHz BBPLL-based LP Phase-Shifting System with < 100fsg,c

jitter with
— Direct phase-modulation to avoid mmWave phase shifters and LO distribution
— DPOC technique to cancel phase mismatches in background achieving 0.7m° phase

resolution
 Broad band (22-32 GHz) bidirectional transceiver plus up/down

converter module in 28nm CMOS featuring compact area and suitable
for TDD systems with IRR > 30 and 40 dB in RX and TX modes,

respectively
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