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INCREASE OF CHANNEL BANDWIDTH

* Increase of data-rate

— Exploiting more bandwidth at higher - Technology for mmw?
frequencies: i.e. 2.16 x 4 = 8.64 GHz on DBB BW?

IEEE 802.11.ay Channel bonding?

— Increasing modulation order: 64 QAM/256
QAM and beyond? Hard

- requirement of

_ _ LO phase noise
« Going to mmW frequencies at

medium/long range:

— Requirement to attain an acceptable link Antenna array

budget: high antenna gain systems for

high gain

Source: Industry perspectives, Making 5G Millimeter-Wave Communications a Reality, IEEE Wireless

Communications, Auaust 2017 | 2



HIGHER BW, HIGHER FREQUENCY:

THE CHOICE OF TECHNOLOGY

SxEband 86 CHZ) .
400 . 7
350 > CMOS/SOl fr
5x V-ban 7 h ,f".
300 SRR -
_§:-:_E_—tga_n£jl 80 GHZ_ et
= 250 ¥ =
z °. 8§
£ 200 sxVband 60 GHz_____ .
& 1504 5xKa-band 28 GHz e
_________________________________ e
100 - e CMOSF;
® SOIf
50 < Si{]f-Jr
& CMOS fyax
O SOl fyay

@ PD SOl f;

180 nm 130nm  90nm  65/55nm
Technology node

45/50 nm 28 nm

Source: Industry perspectives, Making 5G Millimeter-Wave Communications a Reality, IEEE Wireless
Communications, August 2017
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HIGHER BW, HIGHER FREQUENCY:
BASEBAND BW

The data converters bottle neck

5.E+04 1 ® |EEE 802.15.3d channels
--.Envelope Channel BW [GHZ]
H n n 69-12
o "ISSCC 2017 SoA

% 5.E+03 4 51.84
"&; ISSCC 2017 SoAADC
$ r,
S  5E+02 25.92
(%] 17.28
—
] 2
£ 5E+01 432- A
> o
= 2.16 s )
o B 4 N
i , &

5.E+00 - &

5.E-O1 1 1 I I I I I

1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+10 1.E+11
fsnyq [HZ]

Source: B. Murmann, "ADC Performance Survey 1997-2017," [Online]. Available:
http://web.stanford.edu/~murmann/adcsurvey.html.




HIGHER BW, HIGHER FREQUENCY:
BASEBAND BW

The data converters bottle neck

1.E+11
Jitter=1psrms
1.E+10 -==-Jitter=0.1psrms | |
—=—QPSK
1.E+09 —a—16QAM
— 64QAM
1.E+08 — 256QAM |

1.E+07 <“\
1.E+06 7

1.E+05

finne [HZ]

1.E+04

1-E+03 I I I I I I I I I I
10 20 30 40 50 60 70 80 90 100 110 120

SNDR @ f;,, s [dB]

Source: B. Murmann, "ADC Performance Survey 1997-2017," [Online]. Available:
http://web.stanford.edu/~murmann/adcsurvey.htmi.




BASEBAND BW

The solution: channel bonding architectures

HIGHER BW, HIGHER FREQUENCY:

Example: FDD architecture in E-band Iﬂ

!
s [OTE

fLOfCHl
]‘ . - ﬁ;q_@ﬂ_ DAC >—CH2
fLO_CHZ .
fmm' ’ Iﬂ
fLD mmw .
- ‘ Drawback:
T 4@ | DAC 2~ CHn several LOs are
A\ fio ci required

simultaneously

>

fLoch 1

L alpret®D

fLO_mmW

@

fLO_CHn

= Fﬁ n ] I e 3 |y
T s
>

Source: E3Networks FP7 project, available on-line http://ict-e3network.eu | 6




HIGHER MODULATION RATE: LO PHASE
. NOISE REQUIREMENT

» Phase noise for 2% differentiator angle error (60 GHz SC, No DBB
compensation)

Modulations Phase Noise in dBc @ 1MHz
QPSK -100
16 QAM -105
64 QAM -114
128 QAM -123
256 QAM -132
512 QAM -139

* The constraint is higher at higher frequencies ~20log(f)

« Other degrees of freedom (Tx power, etc), are limited by
phase noise effect

Source: NEREID, available on-line http://ict-e3network.eu |7
T



HIGHER MODULATION RATE: LO PHASE
atech NOISE REQUIREMENT

« EVM as a function of Tx power

20 IMRR

64QAM
o 4-ch, bondingAANY®

O 64QAM
2-ch. bonding

NF
-26 | .1dB/aB

Phase hoise

Measured TX EVM [dB]
R
i

-7 -4 -1 2 5 8
Averaged TX Output Power [dBm]

Source: R.Wu et al, ISSCC 2016
D



HIGHER MODULATION RATE: LO PHASE NOISE
REQUIREMENT

The solution: High order frequency multiplication

Reference PLL
— ) fo (XX GH2)
Frequency (VCO @ fp)
Reference PLL
— f o xN |— f, (XX GHz
Frequency (VCO@ D) \
PhN(Sf.) = PRN(Sson) + 20 log,(N)
i * CICC 2006 |
—_ #1SSCC 2009
N -80
-:!:0.. b 200 11:;0&\5-" 2011
@ Visizo ::c;;a: iascc ane
2 omccch‘/{’_,—mg
N -100 < Mgk o T\E\;\.\Ga{\on ]
T S ~= 7 T )
= -110 Issci it «ﬂV Asscc.zom (6] _r,—_t’b CEA-Leti JSSC 2015
~ cice 2000 VLS| 2011 Jt ’g
@ 120 isscc 2014 & *VS! 2?3300 008 | _-"" ;\;B{\Onb\} L
E + 159€C 2009 ,,—”" N
o -130 S L
o~ | VLSI2012
-140 JSSC 2004 [8]
! 10 100

VCO PLL Frequency (GHz)
inlier-by-29 Architecture illimeter Wave " in IEEE JSCC, vol. 507 no.




HIGHER MODULATION RATE: LO PHASE NOISE

REQUIREMENT
High order frequency multiplication: the PROT technique

: . Pulsed
- Operating principle Oscillator
Low freq. Signal r\j
input sig. =» Shaping ILO |
(2 GHz) Circuit _I—)'h__
Input signal Shaped signal PROT signal LO sig.
e “ AR
i 1 I
Al bﬁgﬂoﬁt : M%‘m%‘t A
fin N-fin

. e T By I R
domain” H : HITTTMMT: \TTTHHTTI | [

f f

C. Jany, et al, "A Programmable Frequency Multiplier-by-29 Architecture for Millimeter Wave Applications,"
in IEEE JSCC, vol. 50, no. 7, July 2015. | 10
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HIGHER MODULATION RATE: LO PHASE NOISE

REQUIREMENT
High order frequency multiplication: the PROT technique

e Some results

— Pulsed osc.
Channel 1 selected : et Signa'
-20 — :
-40
-60
-80

-20 1 RBW: 1 MHz
-40 | VBW: 10 MHz
SwT 60 msec

Power (dBm)




HIGHER MODULATION RATE: LO PHASE NOISE

REQUIREMENT
High order frequency multiplication: the PROT technique

e Some results

Output signal @ 58 GHz

-40 = = « [nput signal extraploated @ 58 GHz |

-50 Mb\\ | = Input signal @ 2 GHz
N 00 TN T Offset f. (Hz) | PhN (dBc/Hz) ||
= .70 10k -54
3)
m -80 100k -84
o
— 90 1M -104
.g 100 10M -109
o T TTT1 17
= ———ee e
% -110 ] T TT.A
% -120 .l-.?' - —q"..ij;--s Q--t?"
= L (58.32 [
AL -130 29dB~20|og(m) ‘ :

| | \
s .. I 01 P
1k 10k 100 k 1M 10M 100 M 1G

Offset frequency (Hz)




ANTENNA ARRAYS AT mmW

Testing issues

LG’s 8 elements 28
60 GHz chlpsc_at com_mercual IBM and Ericsson28 GHZ GHz arrayv"'«and IC
today for mobile devices |

32 elements antenna array -

0.705 inch — 8%

S

Qualcomm® VIVE" 802.11ad technology
with a 32-antenna array element

The challenge of testing/calibrating phase-array systems:

« Output RF nodes of Tx/Rx not available once antenna-array is build.
« Even if transceivers are previously tested, the assembly with the
antennas has to be verified.

Source: J.L. Gonzalez "NON-INVASIVE CALIBRATION AND BIST FOR PHASED-ARRAY SYSTEMS," ISSCC 2018 113




ANTENNA ARRAYS AT mmW

Testing issues

LG’s 8 elements 28 GHz array module: CEA Leti STMicroelectronics 4 elements 130
vdd, SP! 2E;ual p(:ll. 60 GHz array module: GHz array module:
IQ’ Ext.clk X patc e Bottom View Top View 2

S8eesece
LR X
e
96

™ HN-—.
p glmlim"l'é

o = l.:
e E.. Y
° in\‘\'l'l'n.

\ . FecsP

28GHz RFIC Main Board

: 7 mm

Broadcom 32 elements 28
GHz

L LN N
LR R N R RN B S

oo
se
(X
b) o

[

_alray madg S —— UT Module GSG pad 1:4 power divider | Patch (M2)  Dummy
—r . -  — 200 m _%_ ICfootprint (M1) Ballpads (M1) Metallic ring metallic plate
1T

13.3 mil RO43508 200 pm

T ] [ (M1) (M1) (P2) (M2)

Patch Antennas

5.4 mil Prepreg

A 3
[ 53 mit rosasos || als Aperture

Patch Antennas

um)
4x8 Antenna array

Opm)

BGA Package Stack-Up
IC

mmW array modules use advanced packaging technologies

* Very sensitive to IC to antenna feed routing.
« Compact layout, difficult to access intermediate test point.

Source: J.L. Gonzalez "NON-INVASIVE CALIBRATION AND BIST FOR PHASED-ARRAY SYSTEMS," ISSCC 2018
Forum. | 14




ANTENNA ARRAYS AT mmW

Testing issues
Example of calibration and BIST(i):

Slave 60GHz: TX Calibration and RFBIST

» TX chain functionality: BB Stave 60GHz
to PA output in Slave. Read |
back TSSI. e

« Sweep BB tone. Read TSSI
in Slave. Calibrate 60GHz
freq response and TX Pout : (& -

as fixed Back-Off from PSAT.  cee-iooeeeiieeiieie :

PGA . BB-IF Radio

igita

ZE Intemational Sold-State Conferancs 4 F A BDEHE 1

Source: ISSCC 2018 paper 4.2 by Broadcom. 115




ANTENNA ARRAYS AT mmW

Testing issues
Example of calibration and BIST(ii):

« 5-bit phase shifter with
< 0.5 LSB phase error

« NF <7dB at 90GHz

« Local beam and
calibration memory

» Built-in diagnostics and
self test per element

« 5-bit phase shifter with
< 0.5 LSB phase error
« PSAT > 8dBm at 90GHz

[ Transmitter element beam-book / calibration / digital interface / diagnostics ]

Source: ISSCC 2018 paper 4.6 by Nokia Bell Labs. 116




ANTENNA ARRAYS AT mmW

Testing issues

« Two NON INVASIVE testing/calibration solutions:

o Alternate TEST

« Using temperature as TEST OBSERVABLE

|17



ANTENNA ARRAYS AT mmW

Testing issues
« Alternate TEST: operating principle

ORIGINAL CIRCUIT ALTERNATE CIRCUITS

/

N

— LNA

\

%

Performance metrics:

Measurement metrics:

* Sa * Ipci, Ipca, Ines
* Su * Cuom
* Sy  Rg
* NF -« S, TL
d IIP3 | |
| | I
Xi

Source: From: A. Dimakos, et al, "Built-in test of millimetre-Wave circuits based on non-intrusive sensors," DATE 2016

|18



ANTENNA ARRAYS AT mmW

Testing issues
« Alternate TEST: some results

1891
- : -
ol [ v ] S
~— Besi Linear Fit \ k- walidation sel | -
© 450 line : | = Best Linear Fit |
17F - ke S a0 e

" validation sed

o 450 line

Predicted 321 (dB)

105 -] —— Bogt Linear Fit [+ ||P3 ;

Predicted S1 ; (dB)

I _ -1}
13 arh 5
L. u L
b -18F: _— 115
o
1 : : - : ; . ! . : : ; ; : o
n 12 13 14 15 16 17 18 19 18 : L - - : - : i = izt
True S (dB % -8 17 <16 -5 -14 112 n
1 (9B) True S|, (dB) E
R a1
@S 8
11
(a) Sa1 o sf
= vandation set | 8 - = yaligation set ; y 135k
b et i 822 b S | = ; : :
st ABg ine N s A5a line .> : H 1 H
. - H . : : 14 i 1 H i I i 1
g T = | L -4 35 -3 _-125 -1z <115 11 <103
= z S True |IP (dBm)
. 16 % 5
o ]
£ ool 3
L 5 ,
g 8 sglon
o -z o
P T Lo SO SO SRS SRR SOOI S
28 24 22 20 15 16 4 a4z ’s 55 B 65
True S, (dB) True NF (dB)

Source: From: A. Dimakos, et al, "Built-in test of millimetre-Wave circuits based on non-intrusive sensors," DATE 2016 119



ANTENNA ARRAYS AT mmW

Testing issues
« Thermal TEST: operating principle

O DYNAMICIJOULE EFFECT
Voltage(t) Thermal Coupling

4|ivm-> P

Current(t)

a N -
SN s 9{
f ‘ aj_g_, ‘ T

AN J N\ /

Power(t)

>

7 ov(V)

| 20




[0 1.9 GHzPA

ANTENNA ARRAYS AT mmW

Testing issues
* Thermal TEST: some results

30
B2 v
%10 % = = = ® > Z
s 0
Y9-10 §
nE:-ZO P
%‘30 - . "« pout (dBm)
5-40 | = Gain (dB)
250 ¥ .

-----1dB CP inter.

-60 ;

60 -40 -20 O 20
Pin (dBm)

20 —

18 + Efficiency
X16 | =PAE
14 —Sensor
£12
S10
E 38
w 6
g 4

2 =

0 + T .

60 40 -20 O 20
Pin (dBm)

O

- 149

[ R [

N TYR'N

(8] w -
DC Vout Sensor (mV)

[y
[y
~

109

60 GHz PA

Pout (dBm)

0  —Pout
10
20
-30
-40
50
55 45 -35 25 15 5
Pin (dBm)
495 s
- - PAE
490
—Voutsensor
485
480
475
470
465
89 bococleccedecandiass
55 45 15

P, (dBm)

Source: J.L. Gonzalez "NON-INVASIVE CALIBRATION AND BIST FOR PHASED-ARRAY SYSTEMS,"

ISSCC 2018 Forum.
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ANTENNA ARRAYS AT mmW

Testing issues
* Thermal TEST: some results

0 60 GHz PA: Homodyne measurements of center frequency and BW

——Pout (dBm)
-2 - = Gain (dB) -15,5
= Sensor DC (10log)

ELECTRICAL BIAS = 1 TONE

L
:D
8
] -
w
f 3 )
H (D< N Frequency, Hz _ 3
_____ \_ o
5 N\ z g
2 X £ =4
= % 5 =
2 DC 2f  Frequency, Hz & g
5. ____H(® z
& \
4 \
) \
T DC Frequency, Hz

Frequency (GHz)

[0 Double correlated test: sensor output is measured with no input (dissipation due to bias). Relative changes
in sensor output correspond to changes in input frequency for fixed Pin= -5 dBm

Source: X. Aragones et al., "DC Temperature Measurements to Characterize the Central Frequency and 3 dB
Bandwidth in mmW Power Amplifiers," in IEEE Microwave and Wireless Components Letters, vol. 25, 2015. | 22



ANTENNA ARRAYS AT mmW

Testing issues
« Thermal TEST: some results

* Results from thermal test can be used to check the IC to antenna assembly:

[0 Correlation between thermal sensor output and PA efficiency (class A-B) for

load-pull test.

1.9 GHz PA N
Sensor DC out voltage (V) PA efficiency (%)

._polar

CST_E_polar

CST_Vout

indep(CST_Vout_polar) (0.000 to 98.000) indep(CST_E_polar) (0.000 to 98.000)

Simulation results: fixed input power, variable output load impedance.

| 23




CONCLUSIONS

Channel bonding architectures as a solution to implemented large-
overall bandwidth transceivers at mmW frequencies (mainly for
back-haul/front-haul applications)

Innovative frequency synthesis techniques provide the required
phase noise performance and flexibility required at mmW
frequencies.

Innovative testing and calibration techniques will be required for
complex systems containing multi-antenna arrays.

| 24



« Operating principle
« Single channel:

Multi-LO generation technique

Pulsed VCO

0,0,

90°

10

_SIGNAL S¢

Cc
(A LOs freq.

- e, - - - - - ———— -

SIGNAL Sg

1st|LO filtering

Al

CHANNEL BONDING ARCHITECTURES

2nd |LO filtering
wi I/Q generation

~
~
~o %
\ ’
\ ’
A
M
\

SIGNAL Sg

fLO CHi

fLO CHi
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N
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« Operating principle
* Multiple channels

T1 =1/ |
[

SIGNAL S¢

L TH.1]

| SIGNAL Sg

TEMPS

T1 =1/f4

|

SIGNAL Sg

C A TEMPS

TH,1

AT
-~ / N -~
1

frr= Nf. FREQUENCE

Multi-LO generation technique

CHANNEL BONDING ARCHITECTURES

N
~ 4
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A 4
\ ’
A
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AY

N s
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| !
|
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CHANNEL BONDING ARCHITECTURES

Multi-LO generation technique

* Results
« Example for two channels

-10
T 45 GHz LO settin
£ 20 locked ILO| .
=30 i
$ 40 ifree-runnmg ILO |-33.85dBc CH1: 45 GHz
o] "
2--50
§-60
3 -70
=710 55GHzLO setting
g 220 Locked
°
T -30 -37.52 dBc Lo
3 -40 free-running | CH2: 55 GHz
250 ILO,
g,-so ke
3 -70
40 42 44 46 48 S50 52 54 56 58 60
Frequency (GHz)
J.L. Gonzalez, et al, "A 45GHz/55GHz LO frequency selector for E-band transceivers based on switchable injection | 27

smlocked-oscillators-in BiCMOS 55nm," in ESSCIRC 2015.



