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Full Duplex Links: Increased Spectrum
Efficiency/Throughput
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 Demand for wireless data transfer increasing rapidly; however limited
spectrum available.

* Full-duplex links can increase throughput (up to 2x for a single link).

» Further increase in throughput possible with listen-and-talk network protocols
that reduce latency. [1, 2]
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TX to RX Isolation In FD Links
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« Up to 110dB [*] of overall Sl cancellation required to maintain RX sensitivity.
« Assuming digital cancellation of 50dB - 60dB [*] of analog/RF SIC required.
« Shared antenna interface desirable for small area and channel symmetry.

[*] D. Bharadia et al., SIGCOMM’ 13
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Antenna Interface Metrics
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« Key metrics for the shared antenna interface:
« TXto ANT Insertion Loss: Impacts link range and system efficiency.
 ANT to RX Insertion Loss: Degrades RX NF.
« TXto RX Isolation: Critical to reduce non-linearities due to TX Sl in the RX.
 Isolation BW: Limits modulation bandwidth of TX and desired signal.
* Power handling: Limits TX output power.
* Robustness against ANT VSWR
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Non-ReciprocaI Two-port N-path Mixers
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Phase Non-Reciprocal 2-Port N-path Mixer

Quadrature steady-state phase-shift from RF to BB for quadrature LO.
« N-path structure provides high-Q frequency selectivity.

* Non-reciprocal phase progression provides phase selectivity.
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Two-port N-path Mixer-based Circulator: TX

[Reiskarimian et al., ISSCC’ 17]
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* T-line structure creates quadrature TX phases at 2-port N-path mixer.
« TX signal combines destructively at the baseband(BB) capacitor providing
TX Sl cancellation(SIC).
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Two-port N-path Mixer-based Circulator: RX

[Reiskarimian et al., ISSCC’ 17]
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 RX signal adds constructively at BB capacitors - desired signal reception
with nulling of TX signal.

* No matching requirements - Potentially low-NF.
* Zza can improve TX nulling but degrades measured NF.
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= Circulator-RX Implementation in 65-nm CMOS
= Design
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Two-Port N-path Filter Impedance

ZN PATH 0 =90
i Z0 ZN-PATH = SHORT
D I &

BB
LO, 0 V, BB Voltage Vv
LW 1 Y | - NULL ‘

) E— Z ° ° Z
LOg, I_l 0 . e I ® — =
o e

|I:2135 |_|I_| V, (fb) . . V, = V1eje
LO2s M \\LOMS Loﬂ
LO270 | | —3

! |
LOs1s M - I

« Two-port N-path filter impedance dependent on relative phase difference
between input signals and mixer LO signals.

* For balanced amplitude (|V,]| = |V,|), LO phase progression shown, steady
state “short” can be achieved for phase difference of 90°.
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Two-Port N-path Filter Impedance
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« Two-port N-path filter impedance dependent on relative phase difference

between input signals and mixer LO signals.

* For balanced amplitude (|V,]| = |V,|), LO phase progression shown, steady
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Two-Port N-path Filter Impedance
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= Peak (© = -90°)
Phase Non-Reciprocal 2-Port N-path Mixer

« Two-port N-path mixer impedance depends on frequency and relative phase.
« Low impedance at frequencies offset from LO; null for 8 = 90°.
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Hybrid Coupler: Quadrature Outputs

Quadrature Quadrature
3dB Hybrid Z, Zy 3dB Hybrid

« ANT Input: Thru leads Couple port by 90°.
e TX Input: Couple leads Thru port by 90°.
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Hybrid Coupler: Quadrature Balance
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Simulated Coupler phase and amplitude imbalance

« Couplers can provide wideband quadrature phase and amplitude balance.
« Symmetry leads to wideband TX S| cancellation.
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Hybrid Coupler: Thru and Cpl Terminations
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* Thru and coupled ports terminated in a short/open:
* Wideband matching at IN and ISO ports.

* Insertion loss(IL) from IN-2>1SO and ISO->IN are function of hybrid
coupler loss and termination resistance.

» Lossless coupler terminated in ideal short/open - Zero IL.
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Hybrid Coupler based 4-Port Circulator
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* Hybrid coupler with two-port N-path mixer = Circulator functionality.
« Two-port N-path mixer creates short for TX; open for signals incident at ANT.
« Quadrature RX signals available at the Thru and Cpl ports.
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Hybrid Coupler based 4-Port Circulator
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* Wideband coupler — Wideband TX SIC and wide tuning range.
* NF is limited by RX matching requirements.
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Circulator-RX with Mismatched RX Port

[Ilex Signal
TX Noise
TX

* Three-port circulator with high impedance termination on one port.
* ANT port matching due to TX impedance.
* High-impedance LNA designed for low noise. [Reiskarimian et al., ISSCC’ 17]



Hybrid Coupler based 3-Port Circulator
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* Four-port circulator can also be adapted to a high-impedance
termination on one of the ports.
* High-impedance termination provides the same benefits as 3 port case.
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Hybrid Coupler based 3-Port Circulator
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Outline
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Circulator-RX Implementation in 65-nm CMOS
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 Commercial wideband coupler achieves:
* 0.2dB insertion loss across 300 MHz BW (600MHz-900MHz).
« <+4° phase imbalance and < +0.25dB amplitude imbalance.
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Clrculator-RX Implementation in 65-nm CMOS
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Circulator-RX Implementation in 65-nm CMOS

T

e e e e e e e eR e

THRU AT COUP
b ]
s 8t
QI%L‘
(@) LOQ<1>
o [JLoa<2> A4
o Y é
-~ . A
. O O Tt
@ | SLoQ<7> L a3 1 9
S Poam tF T 1y s .
[») | X c
e I e | =
[ Y — ® ] .g -g
LOIK1> + o ° ! ®
%’ ::LOI<2> RN o@ E . g 8
o v o °
=~ |3 5 ot vV <
@ | LOI<7> - I
g [ Lois> -D

© 2018 IEEE
International Solid-State Circuits Conference 26.1: A 0.55-t0-0.9GHz 2.7dB NF Full-Duplex Hybrid-Coupler Circulator with 56MHz 40dB TX S| Suppression 24 of 38 slides



Circulator-RX Implementation in 65-nm CMOS
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Measurements: Die Photo
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 |C implemented in 65-nm CMOS and occupies ~1 mm?.
« SMD Coupler packaged with IC using chip-on-board approach.
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Measurement Setup
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Measurements: Circulator RX S-parameters
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* Wideband input match at TX and ANT ports.
« TXto ANT port insertion loss = -2.6dB at 0.5GHz to -4.7dB at 0.9GHz.
* Non-reciprocal behavior - different phases of S12 and S21.

© 2018 IEEE
International Solid-State Circuits Conference 26.1: A 0.55-t0-0.9GHz 2.7dB NF Full-Duplex Hybrid-Coupler Circulator with 56MHz 40dB TX S| Suppression 29 of 38 slides



Measurements:
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 In-band and out of-band |[IP3 demonstrates linearity of passive-mixer

first approach.

 Measured state-of-the-art NF of 2.7 dB.
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Measurements: Sl Cancellation and B1dB
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« >50dB peak large-signal TX to BB isolation.
« >400MHz BW for >20dB TX to BB isolation.
* Blocker-1dB tests show +5.5dBm TX power handling.
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Measurements: Two-tone Linearity w.r.t. TX

N
o
*
o
.

r

PRt Al

=71 25dBm IIP3
for TX >
ANT

L]
.
.
»
.
»
.
.
.
.
.
L)
.
.
.
*
L)
.
.
.
.
.
.
.
()
.
.
L)
.
*

ks i sakute) ...

Effective IIP3
+4dBm (small-
signal)

TX->RX BB fund. and IM3
(referred to ANT Port) (dBm}

stk
o o o o
TX fund. and IM3 at ANT Port (dBm)

L)
.0
s Eam EEs EEE EE EE EE E—— O ES— -

-1 40 o" - » a a B
-25 -20 -15 -10 -5 0 5
TX Two-tone Input Power (dBm)

®
o

5 10 15 20 25 30 35 40
TX Two-tone Input Power (dBm)

« +4dBm IIP3 for two-tone TX input measured at RX BB.
* Two-tone TX - ANT test shows +25dBm [IP3.

o
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Measurements: TX SIC Vs ANT VSWR

*2]
o

= - -
T @ ~£)-VSWR 1.15
. Z55f Impact of | | ~0-VSWR 1.251
nritsu MG3697C - \
= VSWR on \ -0 -VSWR 1.35
¥ <50f l} VSWR 1.65|1
Krytar -3dB 0° - TXSIC | \ Y
Power Divider T 45F I/} \
v ¥ 2 \
= I \
> | [= g 40} \
f‘ﬁ' 2. o E g g ” AN \
cao g = oo
fee| Eos =35 u i
aaal B2 AQ
el 87 2 I VAR L WA
HP 8643A Signal Ma“'yMMSTS’MEas v ¥ @ 7 ML Ia \ \W
Generator i anual ] BBout+ o ~ 0
Impedance Tuner Circulator- > p % 25 /D\ ~ -~
: | Marki ~ / I ~
Hybrid BAL0010 || Adilent ESA 2440 i s J S 0
Coupler RX Bal Spectrum Analyzer T 20 d L]
DUT fr—] | alun
AgilentEa4338 | | HP 117138 _r BBour. 2]
. > rogrammable i i 2
Signal Generator 15
Attenuator -100 -50 0 50 100

Reflection Coefficient Angle ( 2 T") (°)

* Impact of ANT port VSWR on TX SIC measured using impedance tuner.
« TXto RX BB peak isolation degraded by >25dB across antenna VSWR.
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Measurements: Modulated TX SIC

10
_ ” Modulated _
0 Multitone TX
10l for wideband |
Sl testing
_20 s

TX Power (dBm)
A O :
o o

-70 L L L L
720 740 760 780 800 820

RF Frequency (MH2)

 20MHz Modulated TX with power of -11.5 to +3.5dBm was fed to DUT.
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Offset Frequency (MHz2)

Measurements: Modulated TX SIC

g O - x -35
= RX BB Spectrum for E
§-19] Px=+3.5dBm | 2 »
; Prx=-11.5dBm 5 g
3 -20 L = »’
> = -
i'f < a5} »
& 30} - e ,
s | o 7
3 - o1
g -40 | i g 50 F P 7 1
g | o , >40dB SIC for
| 5 i modulated TX
g 5957 signal '
= -60} o
= x 1
o
S . . . . 60 . . . .
0 20 40 60 80 100 -20 -15 -10 -5 0

TX Input Power (dBm)

« Wideband TX SIC testing using a modulated multi-tone input.
« ~ Linear increase in S| power for modulated input measured at BB output.
« >40dB TX to BB isolation (ref. to ANT) across modulated TX input powers.
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Measurements: Comparison Table

Specification

Architecture

Hybrl -Coupler

This Work

Circulator

b wwwmm 1 EBD with

IMS 2017
Sing nded

lntegragéed LNA

ISSCC 2017

T-lmetased

i N.path Mixer @

Circul%}or RX

ISSCC 2017

D o I Pa\\E\M\ D

Adaptive Filter

ISSCC 2016

T-Iine%:ased

| N .path Mixer |

Circul%}or RX

JSSC 2015

Frequency

RX Gain (dB)

RF/Analog SI
suppression

TX > ANT IL

%ctlve 1IP3 with

Technology

Ar:i%tenna Interface

X P;rt Power Handling

40dB ave. SIC across 56MHz BW;

>40dB 32MHz BW
>30dB 190MHz BW

0.7-1GHz
Yés
7.5-8.8dB

+42dBm

>50dB across
>2MHz(®

+ 5 i 5 d vaw T e

2.6dB @ 550MHz
3.1dB @ 700MHz
4.7dB @ 900MHz

dBm small-signal

65-nm CMOS

0.18-pym SOI

0.61-0.975GHz

40dB SIC across
20MHz BW®@)

65-nm CMOS

1.7-2.2GHz

>30dB RF; 40MHz BW
>50dB RF, BB; 42MHz BW

0.6-0.8GHz

42dB SIC
across 12MHz
BW(a)

NA

26.5dBm®

40-nm CMOS

1.7dB-3.2dB

+1dBm§t 42dB

65-nm CMOS

~ 0dBm at 43/53dB %

0.1-1.5GHz

53dB

+22.5dBm

33dB across
300KHz TX BW

NA

gain

43-56mW incl. TX

65-nm CMOS

@additional digital SI cancellation also demonstrated; (®linearity of canceller reported; IIP3 with respect to TX at BB not reported; (includes on-chip phase control, (9 includes two-stage baseband
amplification; ) includes BB canceller ; ? with respect to the EBD; (9 uses external 1/Q splitters; ("Wfull-duplex NF
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Conclusions and Future Work

A wideband hybrid-coupler circulator-RX approach is presented
that can achieve TX - ANT insertion loss and wideband
cancellation.

The approach preserves passive-mixer first in-band and out-of-
band linearity while achieving low noise.

A 65-nm CMOS prototype is presented that achieves <3dB NF
with 40 dB average TX to RX BB isolation over 56 MHz bandwidth.

Future work includes incorporation of balance network in hybrid
coupler to mitigate impact of TX and antenna port mismatch
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Introduction

 Radiators in 5G massive MIMO systems transmit spectrum-efficient
modulated signals with large PAPR

- Overall system’s efficiency largely depends on the efficiency of Power Amplifier
at Power Back-Off (PBO)

(7

—_
[ o |
(0]
o

14
11.2
11.0 =

{08 &

Peak

-~J
o
1 i

6dB

TN MR

0.0 10
& 360 362 364 366 368 3.70
“1GSym/s 64QAM  Time (us)

o O
P T

|'l.\
!

= .
() ~
1
S
1 i 1

N W BE O O
o

o
P

Normalized 64-QAM envelope
o o
D oo
Class-B PA drain efficiency (%)

[S.HU ISSCC’ 17]
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State-of-the-Art of Doherty PA at 60-80GHz

* Doherty is one of the commonly-used techniques for PBO efficiency enhancement

Carrier Frequency = 72GHz

19— 24
18 i ‘:: o 21
-©~ Gain [dB] -
17| =8 Drain Eff. [%] 118
— 16| __Class A with the 4510
om I o
s same peak [%] .%
c 15 PAE[%]  [a& A% 125
© : = -
O 14 | 9 ¥
13 6 =
o
12 ...................... ¥ 3
11 . . = e =
5 10 15 20 28
Output Power (dBm)
b
[Kaymaksut TMTT'15]

Gain (dB)

Carrier Frequency = 62GHz
20

Output Power (dBm)

[Greene JSSC’17]

* Reported Doherty PAs at 60-80GHz exhibit marginal PAE enhancements at 6dB
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PBO compared to an idealistic class-B PA
(due to inefficient Doherty output network and imperfect Main/Aux. cooperation)
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Doherty Architectures

Doherty network for Doherty network for
parallel combiner series combiner
Impedance Z, Impedance
inverting inverting
network , network
Main Aux. Main Aux.

1) [l [W.H.Doherty IRE’ 1936]

In 90°
e L

« Two Doherty structures for parallel and series power combiner
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Parallel vs Series Combiner

« Parallel power combiner intrinsically scales up the impedance

« Series power combiner naturally scales down the load
-> appealing for high-power PAs in voltage-limited Si processes

Circuit _ _ _ Load Modulation
.. Matrix form | Relationship
Realization 6dB PBO | 0dB PBO
Parallel | 1° °2 | 12, Z, _ Z,=2Z, | Z,=2Z,
Combiner %ZO 1=z, Zo] Vi=Va Z,=open | Z,=2Z,
Series | qolAW—fo2 ¥ = Yo Yol = Z,=2y | Z,=12,2
Combiner Zo Yo Yo T Z,=short | Z,=2,/2

26.2.: A 62-to-68GHz Linear 6Gb/s 64QAM CMOS Doherty

© 2018 IEEE
Radiator with 27.5%/20.1% PAE at Peak/6dB-Back-off Output Power Leveraging High-Efficiency Multi-Feed Antenna-Based Active Load Modulation
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Series Combiner Doherty

Z, Impedance
inverting
network :> M _ 0°
Main Y, =1/%,)
* Transformer series combiner: o 7 00" 7. 00
« compromised performance % —(———D——(C Do
» degraded balancing § Z,
(due to strong coil-coil capacitive coupling) D% T ; Zy
* T-line implementation: Transformer—based T-line based
e area-consuming implementation implementation
« cannot easily support differential PAs
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On-chip Antenna

* The size of antenna is comparable to the size of active circuits at mm-wave
frequency (60-80GHz), and implementation of antenna on chip is practical

* We exploit on-chip antenna as a part of Doherty output network
(or antenna as a signal processing unit in the front-end circuits)
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Proposed Series Combiner

* To construct the series combiner, we explore a multi-feed structure on a
one-A wire loop antenna Node A

P - e - - -

; ! Proposed
: 3 on-chip
) Lt antenna as
1o |1 o212 ] 3 series
i ¥ power
_ combiner
o —  —2»
w

2

: 11 )‘eff

Standing-wave current distribution
» Current peaks at feeds 1 and 2 (same magnitude and phase)
» Current nulls at nodes A& B
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Proposed Series Combiner

« Theoretical [Y] matrix of this structure is identical to that of a series
combiner e

L =V, /Zvaa =Y, Ve
L=h=YV > Y=Y == e

Y Y
Y — [ (0] (0] .
Y, Y, V% ;

whereY, = 1/Z..4
In a single antenna footprint, we construct both an antenna and
a differential series power combiner

e o o o = -
,

N
o—p—

SNeem e = =

—
o

e - e e e e e e e e e e e S e e - - - ey

(
|
|
[
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
\
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Proposed Series Combiner

 We shape the antenna ground to increase its instantaneous bandwidth,

which helps exhibit double resonance [Chi ISSCC’18]
0.1 —_—
0.65 mm - —— Real(Y11) Real(Y12)
< > = 008~ Imag.(Y12) ==~ Imag.(Y11)
2 006
= | ./ Real(Y11)=Real(¥12)
. —= Lesd| N W
On-chip S 0 AN N/ L il Real(Y11) = Real(Y21)
1 [:+: antenna as a :+:| 9 Sy A Tt | Imag.(Yar) = Imag.(Yao)
B series - S 0] N eemtthl g
combiner = ol oo T i
Y| Imag.(Y11) = Imag.(Y12) = 0 mhos ™%
-0.04

57.59.61.63.65.67.69.71.73
Frequency (GHz)
« Simulated [Y] matrix of proposed structure is identical to that of an ideal

series combiner over entire antenna’s bandwidth
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Doherty Radiator Network

Schematic of Doherty PA output stage EM model of Doherty PA output network
Impedance 0.65 mm Impedance
_______ | inverting : =\ inverting
Voo : > |1 network Voo Vbp _ Voo petwork
't On-chip t____y___ On-chip
Dnain antenna as 290°  20%main antennaas i £90°
a series a series
: combiner 4 553180um | Vod | COmbiner
Vop L —————"—_| Voo

M4 impedance inverting network is added at Aux. path to construct the
Doherty output network

» Impedance inverting network is designed as a capacitively-loaded T-line
» T-line length is only 35° for size reduction
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Doherty Radiator Network

~ 0.65mm Impet:?_nce
_ n E inverting
» Low-loss power combiner Voo Voo network

- - - On-chip | |¥
(On-antc_enna power comblner IS .typlcally less lossy than = 40 V) antennaas (s ,90°
conventional power combiner techniques) a series 4

mbiner
Voo combine Vb

T = 4 =

» Reduce on-chip passive networks

(Implementation of differential series combiner is now merged 20 1 Main PA
inside the antenna design) 60 only |
G5
» Excellent signal-processing accuracy S 40 {[ —— Real (Vain
v' Theoretically perfect combiner of differential signals § 30 ——- Imag.(Main)
(due to theoretically perfect symmetry) S 20 | —— Real (Auy
v [Y] matrix implies a close-to-ideal differential series T 10 | -== fmag. (Au)
combiner 0 A===Tr==—F===F-zz3=77 7T
v Overall, we achieve a close-to-ideal Doherty active A0
load modulation behavior 42 10 8 -6 4 -2 0
e Power Back-Off (dB)
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Far-Field Transmission

The loads are now receivers at far-field
Driving condition of the antenna changes:
» The Main/Aux. power ratio varies in the Doherty operation

Vi Antenna-
based
o Dohert
“IMain>= Doherty =€ % <90 0 Radiatévr
[ Radiator 05" gl
— Ol with flip-chip
Voo Vi packaging
Bt 6.3mm
Radiation pattern/gain of antenna must remain (33
the same during the Doherty operation 8.8mm
Non-
(Otherwise, spatially dependent AM-AM/AM-PM errors Boresiaht (¥ boresight
will corrupt the transmitted modulations) directi%n ~--7/ direction
Dipoles as RX
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Far-Field Transmission

We set up a simulation to mimic a full communication system:
» Doherty Radiator — TX
» Dipoles in far field — RX

Simulated amplitude and
phase response at far-field

15 ——T———T—T 75 Assume Main and Aux.
— | | —AM-AMboresight | [ =~ - e
Doherty B 127 amnonsocsiat [ * B PAs follow an idealistic
Radiator 6.3mm = 09 || P o [ ,= class-B operation (perfectly
’ l o : .
E 0.6 1 ----- AM-PM non-boresight | | ) = linear PAS)
(> g3 =t = .
8.8mm £~ ) PN P v <0.2dB AM-AM & <1.5
Non- £ e 8 _ . .
L /boresignt é 03 =ttt o E AM-PM varlat_lon IS
Boresight (> / direction 06 | P observed at far-field
direction X e e e e s e e
) 12 10 8 6 -4 -2 0
Dipoles as RX Power Back-Off (dB)
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Top Level Schematic

Main +
VW Maln - ——— |
90° ' On-chip i:
coupled Main + antenna as °1 Aux +
line ~ Main - a series Aux -
IN _ .w % i + ﬂ combiner 4
Aux- T T 77
Output network
> Adaptive P \\\JJJ
Bias
The Doherty Radiator consists of:
* Quadrature Input Splitting « Adaptive Biasing for the Aux. PAs
 Identical Main/Aux. PAs * Doherty Radiator Output Network
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PA Schematic

* PAincludes a common-source Driver and a cascode PA
« Transformer matching is employed at input and interstage
« High-Q T-lines is used at output to resonate out the device capacitance

Driver gate bias PA gate bias 1.9V

(0.3V) 1V (0 3V) 1.2V 350
IN T T T :)L ‘ i180|.|m
' L||:' 24f a5f] | 49Q | = OUT +
= 50pm
.. 1H 80u 'l|—180u 180u

|_||__./45n /45n L i ia5n

\\/a

\\

45f 3p —
_OUT-

P —) r
L 51)59 E%Q
DRV Core PA Core > H™" 180pm
1.9V

Designed in GlobalFoundaries 45nm SOl process
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Adaptive Biasing Circuit

* High-speed adaptive biasing in the Aux. path is utilized to improve
Main/Aux. PA cooperation

Undeswably turns on
Envelope Vagar 1] Vi ~[\¥ ClassC
Detector \} Vos pa [1 [V

Adapti oV
0P e
IN ”__1—>—||__1 lw’l %ias 4”-_1 = "

Driver
Vdd dr Vgs_pa

« Employing adaptive biasing only at the Aux. PA is often inadequate:
» Even at deep PBO, DRV swing can be sufficiently large to undesirably turn
on the Aux. PA
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(save DRV Aux. power consumption)
- Prevent the Aux. PA from undesirably turning on due to high Aux. DRV swing

Envelope
Detector

Adaptive Biasing Circuit

« We apply adaptive biasing to both DRV & PA of the Aux.
- Completely turn off the Aux. DRV before 6dB PBO

Adaptive
bias

0

of
i
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Driver

gate
bias

0.3 -

0.35
<5025 -
> 3
- =
ml (v,\m‘" d
.'c-,l g\{j§‘0.15 &

I I
W |
8% o1
Q :"(( )'): T
- 005 -

0

e
)
1

=

1| —* Vbias_dr_aux Y aoet]
Vbias_pa aux y
Aux PA < Main +
turns off Aux PA
._/

15  -10 -9 0 S 10

in (dBm)
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Quadrature Input Splitting

* Coupled Line for 90° signal generation

* |solation port is terminated with 50 Ohm impedance

- Provides isolation between | & Q signals
(or Main & Aux. inputs)

Input
A4

l %50 Ohm l

Main PA - Aux. PA
Input Input
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Doherty Radiator

1.7mm 1.7mm

Chip dimension: 1.7mm x 1.9mm

(including on-chip antenna)

© 2018 IEEE

International Solid-State Circuits Conference

Flip-chip packaged to Rogers PCB
Radiates from backside of the chip
Separate test structure is fabricated

to characterize the antenna
performance

1.9mm

0.65mm

Antenna
based
Doherty

output
network

On-chip

antenna as

a series
combiner

4K

f /]inverting
|
|
|
|
|

Aux PA

Impedance

| network
' On-chip
| antenna as
| a series
| combiner
|

Main PA
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CW Measurement Setup

QuinstarRx ,— — — — —

|
V-band Power | Horn Antenna |

 Output power (F_’out) of the sensor | Pl | :
Doherty Radiator is the power / \ | |
delivered to the antenna - : - |
P out = EIRP - Gantenna | :
* Pou = EIRP - C':'antenna 0.8m | 0.8m |
(EIRP = Preceived + Grom - PathLoss) _-—---_ : PO B |
« Antenna gain  (G,epna) IS e RS TP, SN :
measured on a separate test ey O Ay

- \ | A4
structure VDI V-Band| 3dB |P=| Doherty | | | Antenna |
Source | Coupler | || Radiator | TS :

I L]
itor Pin T
M°"'t3_rb:n T | Characterize |
Sensor | Gantenna )
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Antenna Characterization

1.7mm

* Power is divided equally into 4
4 feeds through Marchand

Quarter o
L O [ wave-lengtL; ,

baluns transformer .
= Otn-chip SRR ENEE || """ I/
E an enn_a as ; f\_ ________ {____i
 Back-to-back test structure 2 e AP 0.85 [,
de-embeds the loss of the i a?n chlp' : mlm
. . ntenna as :
antenna feeding network [ aseries | || |
| i .combmen |

« At 63/65/67GHz, antenna
gains are 4.36/4.5/4.4dBi

SN

On-chip antenna test Back-to-back test

structure with feeding  structure to de-embed
network the loss of the antenna

feeding network

Marchand balun E
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CW Performance

Carrier Frequency = 63GHz

—— PG M'aiflﬁﬂ Main + Aux
-o- PAE &=l

« CW measurements at 63GHz:

v +18.8 dBm P1dB

| over class B

<
]
&
S
o
v 24% PAE oggpgoand 18.3% PAE ggpgo 1 15
(]
)
=
O
al

?—0—0—0—0- —0—0-
10 L o "
v' 1.52 x PAE enhancement over class-B 5 o1 -1 304x || 6dBPBO
t 6dB PBO < T over class AJ |
) N e S Y.
2 4 6 8 10 12 14 16 18 20

Pout (dBm)
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CW Performance

Carrier Frequency = 65GHz

. 40 - — Main PA | ‘Main + Aux
CW measurements at 65GHz: 35 3|——PG only. - PA
S 30 1| pre =
v +19.2 dBm P1dB & 95 1|——DE PA / A
v 27.5% PAE d 20.1% PAE % 0 ; 146
070 odB peo AN 170 6dBPBO | 15 A over class B
() >
- 10 1 ol == .
v 1.46 x PAE enhancement over class-Bat @ ' 1,7Za70- 202 A 803 750
6dB PBO g ; 1+ A_/E/erclassA ! p1lig
2 4 6 8 10 12 14 16 18 20
Pout (dBm)
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CW Performance

Carrier Frequency = 67GHz

40 1 , , ]
- CW measurements at 67GHz: = 35 1 he Ming: Main ® AUX
% 30 -o- PAE : =
v +19dBm P1dB < 25 3| ——DE_PA : _ 0%
=) - — s 7
0 0 x 2 e 000’0129’;
Dh Jo—o—o0—0— *
m 10 3 ==
v 1.49 x PAE enhancement over class-Bat S 1 oo 2.98x 2d3 PO \
6dB PBO & ¥ | |overclass AT P14B
2 4 6 8 10 12 14 16 18 20
Pout (dBm)
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CW Summary

—o— Psat
--<o- P1dB
—o— Peak PAE
—>=PAE Enhancement Ratio at 6dB PBO
30 2
\

« CW performance:

Psat (dB), P1dB (dB), Peak PAE (%)

25 [ P—

v 1.45-1.53 x PAE enhancement over
class-B at 6dB PBO

- 1.8

20

= - e

N/

- 1.6

L B e e g . 1
ey |
10 T |.4'5 | T T T T T T T 14

61 62 63 64 65 66 67 68 069
Frequency (GHz)

PAE Enhancement Ratio at 6dB PBO
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Dynamic Measurement Setup

* In loop-back test, two Horn antennas are utilized to characterize the EVM floor
and perform channel equalization

Down-Conversion Mixer

MXP-15.FSFL1 QuinstarRxHorn
Signal Generator OML V-Band Quinstar LNA | Antenna( |
Agilent 8362313 Source 50754515-11 R |
| |
Keysight | - |
Oscilloscope 1 I |
IF Amplifier | |
0.8m | |
| R F
Signal Generator | | VDI V-Band N N
Keysight E8257D | | Source A N FZan B |
Militech AMP Militech AMP N N el BN ‘ |
L0 63GHz 1502630  15-02650 | | ! I
AWG Tektronix Rl'miin [ v-Band 3dB |Pe [ Doherty | | |
70002A IF 4GHz Il=ilter ~ | Attenuator Coupler : Radiator | | |
Up-Conversion Mixer Monitor P;, | | ___ . _I — 1 |
Marki MM1-29671.S V-band Power | | Loop-Back Test |

Sensor —_—— — =
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Dynamic Measurement

* Modulation test with 64-QAM, symbol rate = 0.5Gsym/s and 1Gsym/s

 Measurement is performed in boresight direction

64-QAM SNR= 243548 64-AM . 'SNR=23dB
0.5Gsym/s - 3Gb/s (B EVh - 305 - 1Gsym/s - 6Gb/s £, N g
CIPEITIE 9544 Z%rms { EVIM = 46247 %rms
Pavg= 14.5 dBm ',:;:“',Iltb_-! L “j'] Mag Err = 3.0481 %rms Pavg= 14.2 dBm " Mag Err = 3.3870 %rms
PAEavg =21.2% “‘:": : : :':"_J Phase Err= 35446 deg PAEavg =20.2% i Phase Err= 4.2426  deg
\SGPERNREN ) FreqErr = -14976 kHz » ¥ ‘ FreqErr = 74099 Hz
G ARELY |0 Offset = 42.32 dB : 7 ' : & P g 10 Offset = 43375 dB
B: Meas02 - (hi Spectnm e Quad Er = -276.58 mdeg T Juedt T TTTR mde
Rng 22.05 dBm 2048 symbols _— Ring 22.05 dBm 2048 symbols =
. ‘ EQ '
dBm
dBm 0.5Gsym/s - 3Gb/s 1Gsymis - 6Gb/s
= err et B 5 PR DEREEETIR K
Loghtap e Loghi BEE
26969 dBc | -27.176 dBc -27.66 dBc -25.8 dBc
1 . . 10 . . . e e e~ — .
10 il i b o NGOl .
fdiv G IR R S
-77.959 -77.959
dBm dBm

Center 3 GHz ' Spand GHz
Res Bw 1.55397 MHz TimelLen 2.457813 uSec

Center 3 GHz
Res BW 1.55372 MHz

TimelLen 2.458203 uSec
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Dynamic Measurement

« Undistorted modulation only happens at certain directions in the design of
Spatial Outphasing and Spatial IQ Combiner

AWG7102 V-band
i, probe
Y
Hybrids |—2= Ado
L

’_é b DUT
V-Band
Generator
V-band

Discrete Receiver

Data Processing |

Marki MicroWave T
M9-0465
Oscilloscope
81204B
V-Band
Generator

probe
4 4
w - L w. - A »
2 2 :
L3 - +* ) " *
0 0 : ;"
> S B = - N -
2 2 ] :
- » ~ - ¥ * * 3
" -2 0 2 s 4 -2 0 2
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* In the Doherty Radiator, power is combined on the antenna before radiated out:

Dynamic Measurement

- Constellation is maintained over the entire antenna FoV

. Und|storted modulation is observed in both E-plane and H-plane

© 2018 IEEE
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Doherty Radiator

» The proposed multi-feed antenna structure is angle-independent:
constellation is maintained over entire antenna FoV

» This helps establish reliable communication link and ease TX/RX alignment

» The unit radiator, when integrated in a phased array, does not compromise
antenna FoV - Suitable for massive MIMO applications

© 2018 IEEE 26.2.: A 62-to-68GHz Linear 6Gb/s 64QAM CMOS Doherty
International Solid-State Circuits Conference Radiator with 27.5%/20.1% PAE at Peak/6dB-Back-off Output Power Leveraging High-Efficiency Multi-Feed Antenna-Based Active Load Modulation 35 of 38



Performance Comparison

This work Greene, | Kaymaksut Chen, Chi, Khalaf, Komijani, | Chappidi, Bhat,
JSSC’17 | , TMTT’15 | ISSCC’13 | ISSCC’17 | JSSC’16 | JSSC’07 JSSC’17 | TMTT’15
) Spatial IQ | Antenna Digital Asymmetric| Stacked
Architecture Antenna-based Doherty| Doherty Doherty Copmbining Combiner Polgr Tx Class AB szbiner PA
Frequency (GHz) 65 62 72 60 60 60 77 55 42.5
P..:(dBm) 19.4 17.5* 21 9.6 27.9 10.8 17.5 23.6 27.2
P4 (dBm) 19.2 17.1 19.2 9.6 25 7.4 14.5 19.9 21*
Peak PAE 28.3% 23.7%* 13.6% 28.5% 23.4% 29.8% 12.8% 27.7 10.7
PAE @ P45 27.5% 23.7% 12.4% 28.5% 16.2% 15% * 11.8%* 15.7 5*
PAE @ 6dB PBO 20.1% 13% 7% 14.25%* 6%* 4.5% * 3%* 7%* --
PAE Enhancement
Ratio at 6dB PBO™ 1.46 1.10 1.13 1 0.74 0.6 0.51 0.89 --
Mod. Scheme 64-QAM 64-QAM 64-QAM 16-QAM 64-QAM 16-QAM 64-QAM
Data Rate 3Gb/s 6Gb/s 0.6Gb/s 6Gb/s 4.8Gb/s 6.7Gb/s 3Gb/s
EVM -28dB -26.7dB N/A -25.6dB -16.2dB -25.4dB -18.1dB -- -21dB --
Pavg 14.5dBm | 14.2dBm +15.9dBm | +6dBm* | +19.3dBm | +3.6dBm 14.8 dBm
PAE.,, 21.2% 20.2% 7.2% 16.5% 5.3% -- --
130nm 40nm 65nm 45nm 40nm 120nm 130nm SiGe 4snm
Technolo 45nm CMOS SOl SiGe SiGe CMOS
9y BICMOS CMOS CMOS |CMOS SOI| CMOS BiICMOS BiCMOS sol

* Estimated from reported figures
** Compared to an idealistic class-B PA with the same PAE at P1dB

26.2.: A 62-to-68GHz Linear 6Gb/s 64QAM CMOS Doherty

© 2018 IEEE

International Solid-State Circuits Conference

Radiator with 27.5%/20.1% PAE at Peak/6dB-Back-off Output Power Leveraging High-Efficiency Multi-Feed Antenna-Based Active Load Modulation

36 of 38



Conclusion

 To the best of the authors’ knowledge, this is the first time a Doherty output
network is constructed on the antenna

« Together with high-speed adaptive biasing, the Doherty Radiator demonstrates
substantial PBO efficiency enhancement and undistorted modulation transmission

« Compared with the reported 60-80GHz silicon PAs/transmitters, this work
achieves
v’ the best PAE PBO enhancement ratio at 6dB PBO
v" the highest PAE at 6dB PBO
v the highest average PAE for 3Gb/s and 6Gb/s 64-QAM modulation
transmission

This demonstrates the PBO efficiency advantage of Doherty architecture
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Why On-Chip Radiators at mm-Wave?

I chip sde int

Under bu mpm etallurg ‘ ssivation
Underfill \
" older resi

Substrate

Wire-bonds are Flip-Chip bump has smaller

highly inductive & inductance, but requires On-chip Antennalls cheap
) and more predictable
lossy at mm-Wave expensive PCB/Interposer

|C scaling has resulted in extremely fast transistors in CMOS
process enabling mm-wave generation and manipulation.

« Expensive interfacing/antenna costs at mm-wave frequencies
refutes use of CMOS technology.

« Solution is to integrate antennas on chip to reduce the cost and
improve performance.
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Output Power Matters

* Higher power transmitters allow for:
— Longer range for automotive radars.
— Ability to detect objects with smaller radar cross section.
— Longer range for point-to-point communication links.
— Higher data rates for point-to-point communication links.
— Reduce the required antenna gain and size for point-to-point links.

© 2018 IEEE 26.3: A 69 to 79GHz CMOS Multiport PA/Radiator with +35.7dBm CW EIRP ]
International Solid-State Circuits Conference and Integrated PLL 3 of 19 slides



High Power Generation Approaches in CMOS
VDD % %

%o RFoun ?x\ ?x\ )

I— _ Na

|—

vb1°-\NV‘J j 7 \a Z

RFin 1 ‘D Z u'r;_‘é; : | | |
Transistor st_af;klng = Power combining circuits: Spatial power combining (SPC) in phased arrays
X Lower efficiency due to
X Introduces extra loss. X Large empty area between antenna elements

larger switch resistance

« CMOS transistor scaling has forced lower supply voltages.

« Power combining and stacking are two main paths to enhance
transmitted power.

« Spatial power combining through phased arrays is the most efficient
way but is area hungry.
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Why Space the Antennas Apart in Phased Arrays?

* Antennas produce strong electromagnetic fields nearby.
» Packing them closely will affect their properties due to coupling.
* Designers avoid dealing with coupling by placing them far apart.
* Precious silicon area is wasted to mitigate the coupling.
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The Effect of Coupling on Dipole Antennas

Effective port impedance of two in phase
N 160

driven dipoles versus distance at 75GHz
0 /4 A2 31 /4 A 5A /4

' ()
Antenna distance, d

* Coupling affects effective antenna impedance & radiation pattern.
* Antenna impedance sets how much power is accepted for a given voltage.
* Impedance seen by each driver doubles when two dipoles placed closely.

For fixed driver voltage swing, doubling the impedance halves the accepted
power by each antenna.
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The Effect of Coupling on Slot Antennas

Effective port impedance of two in phase

800,00 driven slots versus distance at 75GHz

700.00 -

600.00 -

)

hm

500.00 -

(o

400.00

300.00 -

Effective port impedance

20090 —/———m™ ™™ —™m™™@—m———m™™—r———"—————1T——r—r
0 A4 A2 3\ /4 A 5A /4

Antenna distance, d

* Unlike dipole antenna, two closely placed slot antennas will load the
driver with half of impedance.

» For fixed driver voltage swing, twice the power is delivered to each
antenna.
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Impedance Scaling in Tightly Coupled Slot Arrays

Effective antenna impedance and radiated

power for 1V swing per port at 75GHz
—~750, - - — 250
N=1 N=2 N=16 G r
N e 600! 1200
3 _
= _ =
& t @] |© oo D] [ o0 (D) TEE Effective Drive E
N = Impedance = 1
£300r } Total Radiated Power g 1905
M < i - _
3150_ S U 150
i : 5 —
« Addition of tightly coupled slots reduces g -7 ,

impedance further. ° Number of slofs (N)

» Impedance scaling continues 1/N trend until e e
edge slots don’t couple tightly. '

» Total radiated power grows quadratically initially
then linearly with N.

V2 V2
TRP = N X = N2 x —
2R, /N 2R,
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Implemented On-Chip Radiator

* A 16-element tightly coupled 16 Slots — 8 PAs
slot array designed at 77GHz. ( 1 )

« Slot array designed to absorb
the output parasitic capacitance
of transistors.

» 8 pseudo-differential
pairs drive the 16 slots.
— Cascode topology.

— Resonant shunt inductor
to resonate cascade
node parasitic
iImpedance and improve
efficiency. EI
— Biased by the antenna, ©
no loss in RF choke. 1.7mm

PA supply
through antenna

PA without

output inductor
1 av

To Left To Right

Slot Slot
160pum/65nm 160 pum/65nm

O U\
192pm/65nm 192 mV65nm
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Simulated Impedance & Radiation Pattern

T T
e N

e dB(DirTotal)
4, 9744E+DDD
m1 Y . 4, 1704E+E00
\ 3. 3664E+008
/ \ 2. 5624E+200
m1 1. 7584E+000
= { } fsr?::I ?;_700%3”2154 711 et
o P S T . 1. 5843E-081
\ | admittance = Y0 * (1.974 - j3.375)] | | ! _6. 5356E-001

/ \

n N -1. 4575E+000

-2, 2615E+B80

/ -3. B655E+000
-3, G695E+000

-4, G735E+008

\\\ = -5, 4775E+200
~ // -6. 2615E+8680

-7.B855E+800

freq (50 .00GHz to 100 0GHz)

0 1e+003 2e+003 (um)

* Antenna Impedance is 6.4+j11Q which transforms to 25Q after absorption of
PA parasitic capacitance.

* Antenna maintains low Q (i.e. good radiation) over wide frequency range.

« Radiation from bottom of the chip.
— 46% radiation efficiency, 5dBi Directivity (no lens/heat spreader).
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Effect of Heat Spreader on Radiation Pattern

Radiation pattern Radiation pattern

with planar with hemispherical
dielectric heat 21 dielectric heat
spreader : e _ spreader.

(d=6.35mm)

(1cmx1cmx0.3mm)

0 1.5e+004 3e+004 (um)

1e+004 2e+004 (um)

Substrate heat removal only possible with dielectric materials.

A rectangular shaped planar heat spreader distorts the radiation pattern.
Aluminum oxide half-ball heat spreader shows no radiation pattern distortion.
Alumina half-ball forms a dielectric lens improving directivity to 13dBi at 73GHz.
« Radiation efficiency improves from 46% to 51%.
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Slot Array
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“ak & PLL

2.156-2.469GHz

c

BUE

? ZHO6.-69

* |C implemented in 65nm Bulk CMOS process.

« Radiator integrated with wide tuning range PLL.

« PLL allows synthesized chirp generation for radar applications.
 PLL also allows phase locking of multiple TX chips.

© 2018 IEEE 26.3: A 69 to 79GHz CMOS Multiport PA/Radiator with +35.7dBm CW EIRP
International Solid-State Circuits Conference and Integrated PLL

\

12 of 19 slides



To Distribution

PLL Implementation

68-81GHz Tree
VCO @
1 s \o CLKin'
<_I 0.6V

To Pad

‘ % 500fF 500fF
120fF 120fF T T GP Reference
= = =(2.156-2.469GHz)
VCTR
CTR 48um/65nm 48.um/65nm
48um/65nm 48um/65nm
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Measurement Setup

N\
Receive Horn B o

and I\/leer 2 b

& 4 Transmitter

T8 mounted on |
- turntable.

« PCB fabricated with cut for the chip.

« EIRP measurements utilized Agilent V8486A and W8486A Power
Sensors.

« Spectrum measurement performed by down-converting the signal
using a fifth harmonic diode mixer.
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Spectrum Measurement

vCo Tunmg Range

(o)
|

—l—Measured
=& Simulated

GHz)
o0
-

Frglquenﬁy (

02 04 0.6 0.8
Control Voltage (V)

1

- Agilent 11:37:02 Jul 28, 2017

e Agilent 11:48:43 Jul 28, 2017

Mkre 1.000 0 GHz

Ref @ dBm -8.57 dBm

Horm

Atten 10 dB

,_
o

@

©ro—

Marker| '
lBBE’l@@B@BB GHz - | !
-8.57 dBm | '

Center 1,800 6 GHz Span 250 MHz

#Res BH 91 kHz YBH 91 kHz Sweep 36.44 ms (601 pts)

Measured spectrum of down-
converted 73GHz radiation
locked to reference.

[

Carrier Freq 2.281 GHz Signal Track 0ff DANL Off
Log Plat

Trig Free
[160.007 of 4Avg T ]

Carrier Freq 2.281249920 GHz

Carrier Power 4.44 dBm Atten .00 dB
Rgf ﬁ5@ .00dBc/Hz

Mkr 1 1.00000 MHz

-131.87 dBe/Hz

f | l | = l! B = ']

P TS SHz PLL
g L (Down-converted)
Ml 4y, e b - ' AT o VR
2.281GHz I
D g AN iBc¢/Hz!
\efterence : b

| I i
=1 1-1d -'hl z | |

180 Hz Frequency Offset 166 MHz

Measured phase noise of
reference and PLL down-
converted spectrum.

 Measured VCO tuning range from 68GHz to 80.5GHz closely follows
simulation.

* PLL locking range is from 69GHz to 79GHz.
 PLL phase noise is -96.4dBc/Hz at 1MHz offset.
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Pattern measurements

Measured directivity pattern of the on-chip
antenna at_ET.TGHz.

Measured directivity pattern of the on-chip L
antenna from 69GHz to 79GHz for ¢$=0° cut. e ;
— 69GHz i SR W D A 5
- ;;g:; . 104 ¢ z e : e
* Full 3D pattern ion & lo
— 75GHz| < -
_ | 77GHz| 2
measurement. . ot 2 | |5
o
 Directivity and R : 5 20 10
. 90 = s Y ; 15
total radiated
. -20
power directly
. Measured vs. simulated directivity of the on- Measured vs. simulated directivity of the on-
Obta| n ed ] chip antenna at 77GHozofor ¢ =0 cut. chip antenna at 77GHz°for ¢ =90 cut.
o : 15‘fB' Measured Measured

— — Simulated

— — Simulated

. ."-“‘-:___600

Do RGN e e T Do o
©2018 IEEE 26.3: A 69 to 79GHz CMOS Multiport PA/Radiator with +35.7dBm CW EIRP

International Solid-State Circuits Conference and Integrated PLL 16 of 19 slides



40

EIRP, TRP, and PA Power Measurement

Measured radiator performance
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28 100
Combined PA output 190
271 power based on EIRP - 180
= {70~
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©
5 150
325 140G
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i NG S 1305
240 LD {20
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W
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w
(S
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—&— f=69GH:z
- |7v- f=74GHz |
3 f=79GHz

15
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Slot Number

20

« EIRP measured by subtracting horn antenna gain and removing free space loss
from measured power at 3 different distances.

« Total radiated power was obtained by subtracting measured directivity from EIRP.

« Using simulated antenna efficiency, combined PA output power and efficiency is
calculated.

* Not all PAs contribute equally. The difference is small.

© 2018 IEEE

International Solid-State Circuits Conference

26.3: A 69 to 79GHz CMOS Multiport PA/Radiator with +35.7dBm CW EIRP

and Integrated PLL

17 of 19 slides



© 2018 IEEE

Table of Comparison

[1] [2] [3] [4] [5] This Work
Process 45nm SOI 32nm SOI 180nm SiGe | 32nm SOI |65nm CMOS 65nm CMOS
Frequency(GHz) 53-63 58.3-60.5 108-114 134.5 88-99 69-79
EIRP(dBm) 33.1 17.1 24.5 6.0 35 35.7
On Chip Antenna YES NO NO YES NO YES
: : - : 36 12.2 @ 77GHz
Radiator Directivity (dBi) 6.9 32.5 17 7.1 (Dish Antenna) (Alumina Lens)
Tot. Rad. Power (dBm) 26.2 N/A 7.5 -1.3 0 24.4
o N 74.5%
Radiation Efficiency (Uses H. R N/A 45% 39% N/A 52%
Substrate)
PA Psat(dBm) 27.9 N/A 11 N/A N/A 27.4
PA Efficiency 2(3;:;%’ N/A N/A N/A N/A 30.75% (Drain Eff.)
. -113
Phase Noise (dBc/Hz) N/A @10MHz N/A N/A -85.6 @1MHz,  -96.4@1MHz
PA+PLL/Distrib
Total DC Power(W) N/A 0.23 3.4 0.17 0.6 181+0.5522.36
. 4.32
2
Chip Area(mm?) 10.5 9 (RX+TX) 39 1.2 (RX+TX) 2.9

International Solid-State Circuits Conference

26.3: A 69 to 79GHz CMOS Multiport PA/Radiator with +35.7dBm CW EIRP
and Integrated PLL

[3] W. Shin et al., "A 108—-114 GHz 4x4 Wafer-Scale Phased Array Transmitter With High-Efficiency On-Chip Antennas," in IEEE Journal of Solid-State Circuits, vol. 48, no. 9, pp. 2041-2055, Sept. 2013
[4] S. M. Bowers, A. Safaripour and A. Hajimiri, "An integrated traveling-wave slot radiator," 2014 IEEE Radio Frequency Integrated Circuits Symposium, Tampa, FL, 2014, pp. 369-372.
[5] P. N. Chen et al., "A 94GHz 3D-image radar engine with 4TX/4RX beamforming scan technique in 65nm CMOS," 2013 IEEE International Solid-State Circuits Conference Digest of Technical Papers, San Francisco, CA, 2013, pp. 146-

[1] T. Chi et al., "17.3 A 60GHz on-chip linear radiator with single-element 27.9dBm Psat and 33.1dBm peak EIRP using multifeed antenna for direct on-antenna power combining," 2017 IEEE International Solid-State Circuits Conference
(ISSCC), San Francisco, CA, 2017, pp. 296-297.

[2] B. Sadhu et al., "A 60GHz packaged switched beam 32nm CMOS TRX with broad spatial coverage, 17.1dBm peak EIRP, 6.1dB NF at < 250mW," 2016 IEEE Radio Frequency Integrated Circuits Symposium (RFIC), San Francisco, CA,
2016, pp. 342-343.
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Outline

= Motivation

» Related prior arts

» Linear power amplifier (PA) architecture
* Measurement and simulation results

= Comparison

= Summary
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Motivation

» PAs for mmW 5G phased arrays expect to support:

* High-order QAM signals with large channel bandwidth for high data-rate (e.g.,
64, 512-QAM)

 High-efficiency for longer battery life

 High-linearity for low EVM and ACPR
o Low AM-PM and AM-AM distortion

» Use of silicon technology for low-cost

 Highly robust architecture (e.g., high stability, PVT resilient)

© 2018 IEEE
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Related Prior Arts: AM-PM Cancellation

@1.75GHz @ @5 GHz

GG

D RI:out
RI:in D I
(Wn, Ln) | p S
Cgs,t in S

Amplitude
Sampler

Circuit

8| cgsn X
Vpi Slcgs.n/\ Cas.p
G S
=
Cas PMOS L2 Ves
PP (wWp, Lp)

= [1] C. Wang et al., JSSC 2004 [2] Y. Palaskas et al., JSSC 2006

» Gain and efficiency reduction in capacitive approaches
» Baseband operation
= Requires control circuitry
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= Non-linear C

* Phase conditions: (i) |8

AM-PM

Correction

Network

Transformer

(Te)

AM-PM (°)
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B¢
|/Pia
P |
0 P.

n

®

Linear PA Architecture

Power Stage
(PA)

Driver Stage

(DA)

gs1

Tunable
interstage
matching

network

|@=@+@|

> | Bpa

Class-F

®

& C¢, create phase distortion at large-signal input power
= AM-PM correction network compensates phase non-linearity over 2-stage

, (I1) B51 = B¢ + 6p,
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Continuous

Pout

AM-PM (°)
D

o

P,

in

* O.: Phase of AM-PM
correction network

» OpA: Phase of driver
stage (DA)

* O5,: Phase after
18t stage
» Opn: Phase of

®=-@+® power stage (PA)

(i) Bpp = — Og;
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PA Architecture: Schematic

VGG1 VD D1 VGGZ VDDZ
Driver | Tunable | Power
" T AM-PM ) Stage | Interstage]  Stage |~ = Tunable
o v matching| T.. -7 K operation
, Correction 1 —_ k| N2/ '
VT - networ ~
! Transformer | | "N%” Lmo | Cro
(T 1 - sy
I : L2fo OUt
Chi ' Lcp I =-C
0 Py =T “ds2 i
P LT 000 Coo O
| L L L
! = = =
: Harmonically
. r , tuned Continuous
N\
| ~ Transformer Class-F load
feedback tunable Cgyq network,
neutralization network, S. N. Ali et al.
S. N. Ali et al. IMS’17 [4] RFIC’17 [3]
\ J \ -
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AM-PM Correction Transformer
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= Transformer (T) creates opposite-shaped impedance of Z;
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Die Micrograph

* Technology: 65nm CMOS
= Active area: 0.24 mm?

" Vvt & Vonp: control voltage
for tunable transformers

= V.- control voltage for
tunable inter-stage matching

400 um

600 um >|
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Results: C,

Leq @nd AM-PM Distortion

250 - 180 — . —— o
Simulation g 10t = = = Simuiation L t-stage,.]
g Measurement ‘_g
200F==="2%_ 2" -stage 1160 T 5} ¥ -
\\ s _-"|2-stage
150} \ 140 & s 0 BRI,
\\ < ,:;\
00\0000000000 8 _5' P1dB \\
100.°°°o°:_® .“0_-:-----;120 % ‘Q
1st -stage £ -10] @ 28GHz 2™ -stage\e\\ '
o \
50 : : : : 100 < : ' ' ' >
0 0.2 0.4 0.6 0.8 1 1_%0 -15 -10 -5 0 5
Gate-source voltage (V) Pin (dBm)
* Measured [AM-PM| = 0.7° @ P44
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Normalized AM-PM (degree)

Measured Results: AM-PM & S-Parameters

Measurement @ P4z

0 26 28 30 32
Frequency (GHz)

S-parameter (dB)

20
10

m\

B-Sy;, ©-Sy -
4 28 32 36

Frequency (GHz)

= Measured |[AM-PM| <1° from 27-31GHz @ P4

GHz 41%-PAE Linear CMOS Power Amplifier Using a Transfo

rmer-Based

AM-P

'M Distortion-Correction Technique for 5G Phased Arrays



Measured Results: Large-Signal

Measurement

P, (dBm)

P, (dBm), Gain (dB)

- @P
Measurement @ 1dB

294 26 28 30 35
Frequency (GHz)

» Peak P_,,= 15.7dBm from 29GHz
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Measured Results: EVM and ACPR (1)

Rng 158.4893 mV

ﬂ -
1729 4L RHRY

idiv &85 E .*'*."#
BYREXRYF
50 Fa N EFD

-1.28724626 1.277879889

tewts -t specror ~ Y

RBng -6 dBm

-4
dBm

Mag

10

Idiv

-104
dBm

Center 28 GHz Span 510,352 MHz

Res BwW 528.489 kHz TimelLen 7.226936 uSec
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EVM = 48078 %rms 13.710 % pk
MagEr = 34340 4rMS -13.705 % pk
Phase Err= 4. 6066 deg 31.496 deg pk at sym
FreqErr = 409.06 Hz
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Measured Results: EVM and ACPR (2)
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Comparison

Ref. This Work JSSC’16 [6] ISSCC’'17 [7] TMTT’16 [8] RFIC'17 [9]
Tech. 65nm CMOS 28nm CMOS 130nm SiGe 28nm CMQOS 28nm CMQOS
Freq. (GHz) 28 30 28 28 34
Vpp (V) 1.1 1.0 1.5 1.1 0.9
Gain (dB) 15.8 15.7 18.2 10 20.8
P, .sat (dBM) 15.6 14 16.8 14.8 16.6
PAE ., 5 (%) 34.7 34.3 19.5 35.2 12.6
PAE, .. (%) 41 35.5 20.3 36.5 24 .2
AM-PM (°) @P+45 0.7 NA NA NA 1.1

Modulated Signal
Measured Results
[n-QAM, Data-rate

64, 340Msym/s 64, 250Msym/s 64, 1000Msym/s 64, 80Msym/s
+9.8dBm, 18.2% +4.2dBm, 9% +7.2dBm, NA +6.8dBm, 16.5%
-26.4dB, -30dBc -25dB, -26.4dBc -26.6dB, -25.4dBc -27.4dB, -34dBc

64, 337Msym/s
+10.1dBm, 5.8%
-25dB, -32.1dBc

Po.avgr PAE 256, 50Msym/s
EVM, ACPR] +9.4dBm, 16.3% NA NA NA NA
-31.7dB, -28dBc
Transformer Inductive source 2"d harmonic PMQOS varactor
Topology based AM-PM : Doherty short, common-  based AM-PM
: degeneration :
correction source compensation

© 2018 IEEE
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Summary

» Transformer based pre-distortion for low AM-PM

= AM-PM correction in mmW domain

* High linearity results with high efficiency

» Capable to operate with high-order QAM (64/256/512) signals
= No additional control circuitry and extra power consumption

= Attractive linear PA solution for silicon based 28GHz 5G phased arrays
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Challenges

Low cost

Low power consumption
Small form factor

Fast time to market

Low voltage operation

VS
 LB/HB dual-band operation . . Guard-band F, In-band
(699-915MHz & 1710-1980MHz)
« Max. 23dBm average Pout
 12-subcarrier with high PAPR | (LML
 Low out-of-band emission 2 LTE
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Digital Doherty Operation (1)

6dB PBO
Peak Power Class-B Mode
Imax ici
« N + N Imax/2 Efflciency
PA1 | n > I\ PA1 [n/2>
- - = n !
Imax .f\' . /ln:XTZ f\. . Class-B "o
} lgl 2500 » l 3500 mode,*
+ Iﬂaf IOUI:’\ . Imﬂlz Iout I'|/2 "lo
PA2 | N > Imax PAZ [n/2>  _lmar2
- / = - = L= »Vout
lowt=2%1 / Va2 Vimax
out= max |° t=2x| a/2=| a a
_ _ u max/ £ = fmax (6dB PBO)
RL pa1=RL_pa2=50Q RL pa1=RL pa2=50Q
« 3-coil current-mode combiner « Class-B mode: 50% efficiency
* Quasi-differential PA pairs degradation @6dB PBO

*R__pa: The single-ended impedance seen by each PA.
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Digital Doherty Operation (2)

6d.B A 100Q  poherty
Imax max
. N . I Imax/2 > 500
Pt /'l> N Backoffn PA? [N > 4 -\
|:1; 'ﬁ. ° BOOSt B /’,I ".72 .ﬁ. ] Vimax/2  Vmax out
BEEIo m)  "f G E[E 3ma  coFo
. Imax lou) = 0 Efficiency
PA2 |N > Imax PA2 | 057 lmar2 This work
2%l T =
out_- ma_x lout =2 X Imax/2 = Imax '0'
RL_pa1=RL_pa2=50Q R pa1=100Q ,+“Class-B
° | mode oy
 Digital Doherty: digital PA + parallel transformer combiner Viad2 Vimax O
(6dB PBO)

* Dual-band coverage + backoff n boost + ultra-compact size
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----------------------------------------

------------------------------------------------ : i PA
AT _ Group
: >3 ) i :
' © O H '
' AM8-0 | S @ : '
——(2% =
E 5§ i
E T 5 ' T6
L ) E T7
AM9 _ [Sub-PA :
. Suelect S L I
PA2 Differential Cascode
y ' Unit PA Cell :
. 58 i s
: G O ' Level 1.2V
{ AMS0 [ 5 A }Shifter_tu>_ _[: :VolO
' s ; S-to-D J_ 1.2V '
S : oV | ;
£E : Dy, ] D—» To diff. branch ]
e e \....(Off-state:-Din=0,-Vop=Von=0.)- ===

* 10-bit resolution: two 9-bit sub-PAs with hybrid unary/binary arrays
— Sub-PA: 16 PA groups (4 MSBs), each group has 7 thermo + 2-bit binary-code cells

« Cascode inverter Class-D topology to obtain high output power

© 2018 IEEE 26.5: A Compact Dual-Band Digital Doherty Power Amplifier Using Parallel-Combing Transformer for Cellular NB-loT Applications
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i PAT Sub-PA Array
8 Groyp) |Groupl |Groupl |Groupj PA Group
L amso | £ S 12 13 1 -
: 23 " |Bito
; 2> Bit1 T7
: L8 Bit0
: T o Group|_|Group| |Groupl| up
S 1. 10 g‘g 16 %5 T1 | T6
AM9 _[Sub-PA

— Suelect \ 13 T2 T5
Rt CREte Group,_|Group| |GFoup| IGroup

i PA2 1 8

: y ~| T3 T4
E %% Gr ﬂ" Groupl |Group| |Group}

AMS-0 | 5 & 3 4 5 6

=%

* PA group arrangement with “snake” traverse movement to improve DNL
* Minimize layout mismatch and achieve better resolution

© 2018 IEEE 26.5: A Compact Dual-Band Digital Doherty Power Amplifier Using Parallel-Combing Transformer for Cellular NB-loT Applications
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Dual-Band Matching Network (1)

.................................................. 1
mmmm Primary 1 c.F C
PT ||'
mmmm Primary 2 LPA LP c c Bondwire
Secondary — =T i T m ™N\—O
s
PA1+ e % 3 E J‘ 3
PA1- — OUT+ z,i ¥ Lol Le ] Lor Tc, 500
PA2+ — OUT- + | ST | | A\
PA2- PA2 Cs Ci v
) ) i .= C Passlve
Magnetic z,, %] Matching Network
Enhancemen S
g °l —
* A compact single-transformer footprint 2
* Good differential symmetry s
] ] 00
* Magnetic enhancement and increase Lpr 5 1ich
» Size reduction and lower loss g qtion
* 340um*500um, esp. Sub-GHz design £- _
ros A G  Dusk-Band Dicital Doherty p e 4000 | 560. | ‘I.OIOO | 15I00 - 2000 | 25|00 | 3000

Frequency (MHz) 90f18
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Dual-Band Matching Network (2)

Equivalent Single-ended Matching Simulated PA Pout and Passive Loss
C. (1-k3L../2 : 4C
s ; pr 1:n/k C1 r 35 —— — 0.0
- ‘ N, l a1 L
30 iy oot 4-0.3
- o
o Tcp kLor2 ¢ T““’ 3_5102% T | [ e ——
I: m\l - % 25 — IELB: EHBE = '0.6 :\-?
+ 4C, = o Do o
n=sqrt(0.5L./Lx) e 20 i Pt o9 2
y t ®
T rTrov T Ty & b o 5
2¢ °f 1 : - 5 151 1 Pl o412 @
¥ o 45 699MHzi __ 1980MHz y g Yo P =
DN 2f - : - 101 £ ! My, .15 0@
2% o . - < s s -
T & 2| 1. E - 5L 1 Loss>-1.64B 118
273 '  Wideband ! Real : i '
584 t " Matching ot o P
g g 6 i‘ >E Imag = 0 i | ! ] 21
(7p] 8 : L ] § ]

%0 500 1000 1500 2000 2500 3000 3500 400 800 12001600 2000 2400
Frequency (MHz) Frequency (MHz)
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Chip Photo & Measurement Setup

4PCT Powerd) |
-;! Combiner ¥y :

ARV I . Vector Signal

55nm CMOS Generator
Chip area: 1.1mm? (including ESD - PW input
I/O pads and 1.2nF decap) Digital Pattern|_

enerator

QFN package

PA Output

DC Power
Supply

Dual power supplies: 2.4V &1.2V
Attenuator
PAE =Pout/Pdc(all blocks) 20dB

—b

26.5: A Compact Dual-Band Digital Doherty Power Amplifier Using Parallel-Combing Transformer for Cellular NB-loT Applications
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Measured CW Performance

35 | [28-908m@350MHz 57 04Bm(@1.7GHz ls LB
"E f -y ,'—-I——._._..___.__.__&_.__._.__. -
S®r gl e 1% ¢ — 28.9dBm peak Pout
3¢ - 1“2 - 36.8% peak PAE
x 15} Bl Y 25.4%@1.7GH 435 = P
T P I .{: ‘ s — 0.3dB power deviation
% 10 | Al 36.8%4@850MHz A—A— —a—af %

A
si‘i(‘l(‘] 8[1‘.'1‘} ‘i{‘]l(‘]ﬁ ‘iill‘)ﬁ 14I(‘lﬁ 16Iﬁﬁ ‘iBI{‘l{‘l 2000 221‘](115 ) H B
Frequency (MHz) — 27.0dBm peak Pout
o
wl — 25.4% peak PAE

© 2018 IEEE

Peak: 36.8% <+—
6dB PBO: 29.9% <— /i

)J + Doherty Load

}ere0 s Y — LB: 29.9% PAE @6dB PBO

—a—u-4 aoma — HB: 16.8% PAE @6dB PBO

—A—850MHz — 0.2dB power deviation

—u—1700MHz

Peak: 25.4%

-60 -50 -40 -30 -20 -10 0
Normalized Input Power (dBm)
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Measured AM-AM/AM-PM Nonlinearity

—
o
T

AM-AM Distortion (dB)
N =)
n
:
—_—
o l
vy
L
*.i' :
AM-PM Distortion (°)
4

0+
4L
-6 -5 I I I I I I i
-30 -20 10 0 110 20 30 30 20 10 0 10 20 30
Output Power (dBm) Output Power (dBm)
« AM-AM distortion: 2.1dB  AM-PM distortion: 5.9°
© 2018 IEEE 26.5: A Compact Dual-Band Digital Doherty Power Amplifier Using Parallel-Combing Transformer for Cellular NB-loT Applications
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Measured NB-loT Modulation (1)

« Memoryless DPD look-up tables for linearization

« 12-subcarrier 180kHz QPSK NB-loT signal:

— EVM=-21.6dB, PAPR

clipping

=4.5dB

— LB @850MHz: 24.4dBm average Pout, 29.5% average PAE
— HB @1.7GHz: 23.0dBm average Pout, 17.9% average PAE

30

Average Pout (dBm)
o N & X

o

© 2018 IEEE
International Solid-State Circuits Conference

24.4dBm

(4 [N
B—D -0
—". ."'h..h_.

LB
— A,
..... »  29.5%

23.0dBm

’ 2
‘.' .

" HB

4.----
| L

17.9%

// | | | |

750 800 850 900

950 1700 1800 1900 2000

Frequency (MHz)
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Measured NB-loT Modulation (2)

 PA close-in spectrum:

30 ! ! ! ! ! ! !
20 —— 1000MHz
10 — 900MHz
s 800MHz
m ° 700MHz
© -10 —— NB-loT Mask |---
T oo b AN T RBW: 30kHz___
o :
S -30
o .
|
50

o
I

b L om
o © o

_______

Power (dBm)

&
o
I

____________________

-60 | | | | 1

— 2000MHz
——1900MHz
1800MHz
1700MHz

—— NB-loT Mask |---

.__RBW: 30kHz

b
&

-1 0 1
Frequency (MHz)
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* PA far-out spectrum:

Ref 28 dBm
Samp |

Log |

18

dB/

#Atten 20 dB

~ £=30.72MHz

#LgHué
Pl :

Mask

WL S2f
$3 FCl_
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Swp

M | .
£0f:
FTun 5

1) 0) |
Images |
T
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Measured Wideband Modulation

Rng & dBm Rng 8 dBm
15 Syad Avg 15 T -
EVM 25309 dB e I I EVM .30.537 dB
EVMPeak -14.261 dB o EVMPeak  -15.125 dB
-1.5 PilotEVM 25309 dB 15 IHS!E!:‘EEE PilotEVM  -29.892 dB
o & DataEVM  -25.309 dB it DataEVM  -30.591 4B
-10.84 10.843 -10.84 10.843
Res BW 312.5 kHz TimelLen 60 Sym Res BW 312.5 kHz TimeLen 28 Sym

B: Ch1 Spectrum

Center 800 MHz Span 31.25 MHz Center 800 MHz Span 31.25 MHz
Res BW 4.54563 kHz TimeLen 330 uSec Res BW 7.89526 kHz TimeLen 190 uSec

20MHz 64QAM WLAN: 20MHz 256QAM WLAN:
— Pout=22.9dBm — Pout=20.8dBm
— PAE=26.1% — PAE=22.7%
— EVM=-25.3dB — EVM=-30.5dB

© 2018 IEEE 26.5: A Compact Dual-Band Digital Doherty Power Amplifier Using Parallel-Combing Transformer for Cellular NB-loT Applications
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Comparison with Prior Works

This work Z.Song™ | J. Moreira J. Park’ S.Hu" |V. Vorapipat’
TCAS-I'17 | ISSCC’15 | JSSC’16 | JSSC'15 | ISSCC’17
Freq. (GHz) 0.85/1.7 0.891 0.95/1.95 2.6/4.5 3.82 3.5
On-chip Yes No Yes Yes Yes Yes
Balun (1 TF) (Off-chip MN)| (2 TF) (1 TF) (2 TF) (2 TF)
Peak Pout 28.9/27.0 23.2 32 28.1/26.0 | 27.3 25.3
(dBm) -
Peak PAE (%) 36.8/25.4 44 .5 - 35/21.2 | 32.5 (DE) 30.4
6dB PBO
PAE (%) 29.9/16.8 - - - 22 (DE) 25.3
Modulation 180kHz 20MHz 64/256 3.75kHz HSPA 8MS/s 500kS/s 10MHz
NB-loT |QAM WLAN@LB NB-loT 256QAM 16QAM 256QAM
Pavg (dBm) | 24.4/23.0 22.9/20.8 18.87 >26/>26 |20.37/18.53 21.8 19.0
PAE (%) 29.5/17.9 26.1/22.7 33.4 23.7/23.8 [16.26/13.42 | 22.1 (DE) 24.0
EVM (dB) -21.6 -25.3/-30.5 -28.2 -26.6/-23.2 | -36.3/-34.6 -25.0 -35.0
Area (mm?2) 1.11 1.75 3 2.25 2.09 1.2
Technology 55nm 180nm 65nm 65nm 65nm 45nm SOl

t Results from the second prototype.  ~Results measured with GSG probe.

© 2018 IEEE 26.5: A Compact Dual-Band Digital Doherty Power Amplifier Using Parallel-Combing Transformer for Cellular NB-loT Applications
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Conclusions

* A new digital Doherty PA architecture is presented.

A PCT power combiner is introduced for dual-band
coverage, high output power, back-off efficiency
enhancement and ultra-compact implementation.

e The PA achieves:

— 28.9dBm peak Pout, 36.8% peak PAE, 29.9% PAE @6dB PBO

— Best average PAE with on-chip matching and smallest
footprint at sub-GHz

— Well-fitting low-cost NB-loT applications!

© 2018 IEEE 26.5: A Compact Dual-Band Digital Doherty Power Amplifier Using Parallel-Combing Transformer for Cellular NB-loT Applications
International Solid-State Circuits Conference
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Outline
* Introduction

 Harmonically tuned continuous-
mode PA output network

* PA schematic and implementation
 Measurement results

« Conclusion



Outline
* Introduction

© 2018 IEEE

International Solid-State Circuits Conference 26.6: A Continuous-Mode Harmonically Tuned 19-to-29.5GHz Ultra-Linear PA Supporting 18Gb/s at 18.4% Modulation PAE and 43.5% Peak PAE 3of48



Introduction

 The 5G mm-Wave systems support wideband spectrum-
efficient modulations (e.g., 64-QAM or 256-QAM)
— Achieve Gb/s-link-throughput revolution

Enhanced Peak data rate_ mpance | User-experienced
mobile ~_data rate
broadband ~ Medium

Spectrum

Area traffic —
efficiency

capacity

/Mobility

Ultra-reliable
and low-latency
communications

Network \
energy efficiency

Massive
machine-type
communications

Connection atency

density

_[ITU IM-2020 vision]
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Introduction

 Complex modulation schemes come with high-density
constellations
— Demand stringent linearity, i.e. AM-AM and AM-PM.

A

Power gain

PA phase response

transient power : ; transient power

PA output power PA output power

© 2018 IEEE
International Solid-State Circuits Conference 26.6: A Continuous-Mode Harmonically Tuned 19-to-29.5GHz Ultra-Linear PA Supporting 18Gb/s at 18.4% Modulation PAE and 43.5% Peak PAE Sof48



Introduction

* Practical mm-Wave PAs face a steep trade-off between
the PA efficiency and linearity

Conventional . <; :
linear PA. Simple design

e.g, Class-AB -+ Good linearity
 The over-simplified output

Network

— efficiency is limited

© 2018 IEEE
International Solid-State Circuits Conference 26.6: A Continuous-Mode Harmonically Tuned 19-to-29.5GHz Ultra-Linear PA Supporting 18Gb/s at 18.4% Modulation PAE and 43.5% Peak PAE 6 of 48



Introduction

* Practical mm-Wave PAs face a steep trade-off between
the PA efficiency and linearity

Time-domain ° High efficiency
Switching PA, -+ Poor linearity
e.g, Class-E — cannot support complex

modulations without DPD
Matching ° DPD
Network — substantial power and
complexity

International Solid-State Circuits Conference 26.6: A Continuous-Mode Harmonically Tuned 19-to-29.5GHz Ultra-Linear PA Supporting 18Gb/s at 18.4% Modulation PAE and 43.5% Peak PAE



Introduction

* Practical mm-Wave PAs face a steep trade-off between
the PA efficiency and linearity
* Overdriven linear PAs with harmonic terminations

* Class-J, Class-F-like or Class-F-1-like harmonic
terminations
— Boost efficiency
— Preserve linearity

© 2018 IEEE
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Motivation

* The conventional overdriven linear PAs with harmonic
terminations —good linearity and high efficiency

* Area-consuming passive networks

« Narrowband harmonic terminations

© 2018 IEEE
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Motivation

 We propose a continuous-mode harmonically tuned
mm-Wave PA

* High efficiency

* High linearity Good for broadband 5G

massive MIMOs
 Wideband operation

« Compact size

© 2018 IEEE
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Outline

 Harmonically tuned continuous-
mode PA output network

© 2018 IEEE
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Continuous-Mode Operation
* Conventional vs. continuous-mode design

Class-F-

 Needs precise load
impedance at 2"9and 3"

harmonics
time —High efficiency
Non-overlap V-l —high efficiency —Narrow-band
# of harmonic tuning? — efficiency 1
> Harmonic W, 2w, 3w,
% Impedance | R,,, | Open | Short
© 2018 IEEE FO Freq |
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Continuous-Mode Operation

* Conventional vs. continuous-mode design
Continuous-mode Class-F- [V. Carrubba et al., EuMC 2011]

* Additional design space for
fund. and 2"9 harmonic load
Voltage impedance
me —Wider bandwidth

Non-overlap V-l —high efficiency

* Maintain high efficiency
and output power

Efficiency

Freq.

Fo

International Solid-State Circuits Conference 26.6: A Continuous-Mode Harmonically Tuned 19-to-29.5GHz Ultra-Linear PA Supporting 18Gb/s at 18.4% Modulation PAE and 43.5% Peak PAE 13 of 48
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Continuous-Mode Operation

« Continuous-mode Class-F- Y, =0.608G,, +j0.523(G,,
[V. Carrubba et al., T-MTT, 2012]

Tt g

v ¥, =—j0.98(G, |

2F

> \ / §=0

2 157 #3‘ Y — 0o
° -
R

'(_é_ 4 €=

® 05

ge]

@

N

g 0

o |— Voltage — Current |

O
o

o

0.5 1 1.5 2
Period

iy (6)=((0.37-0.43cos §+0.06 cos 36)|(1— ¢ sin §) (= (-1 < { <1
_VIF_(‘9)=1+\/§COS_«9+(1/_2)0052(9 |
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Continuous-Mode PA Output Network

1:1 Transformer

 1:1 transformer

Ground plane

One trar;sformer footprint —Ultra-compact size
No need for any additional tunable elements or switches

© 2018 IEEE
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Continuous-Mode PA Output Network

1:1 Transformer

* 1:1 transformer
* 3 harmonic tuning
capacitors (2xC, & C,)

Ground plane

© 2018 IEEE
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Continuous-Mode PA Output Network

1:1 Transformer

* 1:1 transformer

* 3 harmonic tuning
capacitors (2xC, & C,)

« 2 symmetrical
branches (2xL,)

Ground plane

© 2018 IEEE
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Continuous-Mode PA Output Network

1:1 Transformer

* 1:1 transformer

* 3 harmonic tuning
capacitors (2xC, & C,)

« 2 symmetrically
branches (2xL,)

« 2 extended branches
(Lot & Leo)

Ground plane

© 2018 IEEE
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Simplified Schematic Model

* The output network can be simplified into differential-
[common-mode respectively

Differential-mode Half Circuit Common-mode Half Circuit
Input Lems Lcme

l 2L
R r:[ Cou ! 2Lco

T CC/Z:L:

Output leads are absorbed into transformer secondary coil

© 2018 IEEE

International Solid-State Circuits Conference 26.6: A Continuous-Mode Harmonically Tuned 19-to-29.5GHz Ultra-Linear PA Supporting 18Gb/s at 18.4% Modulation PAE and 43.5% Peak PAE 19 of 48



Simplified Differential-Mode Model

Differential-mode

Half Circuit * Ly,1/Lynp: differential-mode
half-circuit inductances of
transformer

Input
o

—

iCout

ZL diff

resonance tank Z,

D
R — W —

© 2018 IEEE
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Load Impedance Trajectory
* Differential-mode operation

Fundamental

+ C,4-L, behaves as a small cap.
— a high impedance

 The transformer provides the
desired fund. impedance

impe ance -

© 2018 IEEE
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Load Impedance Trajectory

* Differential-mode operation i
\
Differential-mode

Fundamental

Input
O o
p—
_I-COUt ,"‘I—-d“‘
ZL,d.iff Cd'::[
~ HighM: L
Impedance B

: 1 .
Fund. load impedance follows constant conductance circle

2 A Continuous-Mode Harmonically Tuned 19-to-29.5GHz Ultra-Linear PA Supporting 18Gb/s at 18.4% Modulation PAE and 43.5% Peak PAE



Load Impedance Trajectory

* Differential-mode operation

« C,4-L, is slightly below their
3rd-order Harmonid| series resonance

— shorts out L,

« C,-L,-L,4-L,4 produces a
desired low impedance

Cout__,':
VAR :IT/:('f;
d
L

. Low L
impedance----

L ,andL,, are magnetizing
and leakage inductances of
the transformer

© 2018 IEEE
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Load Impedance Trajectory

* Differential-mode operation 1
Differential-mode

3rd.order Harmonic|

CoutiE:':

VAR 7('!
d
1

. Low L .
impedance-----

3rd harmonic load impedance is kept low

International Solid-State Circuits Conference 26.6: A Continuous-Mode Harmonically Tuned 19-to-29.5GHz Ultra-Linear PA Supporting 18Gb/s at 18.4% Modulation PAE and 43.5% Peak PAE
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Simplified Common-Mode Model

Common-mode
Half Circuit

Input Lems Lem?
(o

L..,1/Lcm2: COMMmMon-mode
half-circuit inductances of
transformer

 C_., L, andL_, do not affect
differential-mode

o C/2-2L_4-2L _, forms a multi-
resonance tank Z,

© 2018 IEEE
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Load Impedance Trajectory
« Common-mode operation

2"d-order Harmonic _ _
Ztiom High impedance * Z2 Provides a high
nput ~ Lemt  ~ Loma N{"7e impedance

o_

» C,-L, still behaves as a
capacitor

I

"
D
o
c
~—
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Load Impedance Trajectory
« Common-mode operation

2"d-order Harmonic The 2" harmonic impedance is

2L com . !

| High impedance
|r|rp’ut Lem I N dominated by C_ ., L.s and the
O-

effective capacitance of C -L

I
"
D
o
c
~—

—desired continuous-mode

2"d harmonic impedance

.....

27 of 48

© 2018 IEEE
International Solid-State Circuits Conference 26.6: A Continuous-Mode Harmonically Tuned 19-to-29.5GHz Ultra-Linear PA Supporting 18Gb/s at 18.4% Modulation PAE and 43.5% Peak PAE



Load Impedance Trajectory

« Common-mode operation i1
Common-mode

2"d-order Harmonic =

ZLcom . . 0
L, High im q_dgnce 0.2 &‘- Y
Lcm2 o ‘s\ | . ~ 16

Input Lem ,
P
= C L ::do 3 :
out :‘Q d | = 0 ' |
| Cq 'S I j0.2 F &_.@' 5
- - ‘\‘ e thﬁ
~~~~~

2"d harmonic load impedance i
follows constant conductance circle

© 2018 IEEE
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Simulated Voltage/Current Waveform

Differential®*

-n- Current
-e- Voltage

Differential-
0.10 ' v ' '

-m- Current
-e- Voltage

-0.05 . ' . ' . ' -0.054 v v v ' v v
0 10 20 30 0 10 20 30
Time (ps) Time (ps)

Frequency=28.5GHz and P_,=16dBm
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Simulated Passive Efficiency
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r

 Harmonic-tuning

f
f

i 82.2% branches and cap
i do not significantly
o . degrade the passive
—a— W/0 harmonic tuning . .
v . efficiency
—e— W/ harmonic tuning

20 25 9g 5 30 35 40
Frequency (GHz)
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Outline

* PA schematic and implementation

© 2018 IEEE
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PA Schematic

Continuous
-mode
Harmonically
-tuned
network

D[P |DO] [N |

Input Matching Driver stage Irﬂ,tlggashtiangge PA stage
A A A
'4 N [ N/ \
= 10 = %\6
== 40f
6l L5 k I55f
S o
G 250 " 21u/120n X%‘i} 20 Ve 31200 Ve
084V 7| 24u/120n 083V [ sou/120n | L
- 128f H J Los| A
G ; 200f 100 == ; 200f W = /f

© 2018 IEEE

Differential 2-stage PA, R, =1000hm (Diff.)
Vce1=0.9V and V,=1.9V

International Solid-State Circuits Conference

26.6: A Continuous-Mode Harmoni

ically Tuned 19-to-29.5GHz Ultra-Linear

PA Supporting 18Gb/s a

t 18.4% Modulation PAE and 43.5% Peak PAE

32 of 48



PA Schematic

Input Matching Driver stage Irﬂ,tlggashtiangge PA stage

1 ‘ ==30f

21u/120n

Continuous
-mode
Harmonically

21u/120n] § -tuned

K . 2
i network
1OQ ‘ ==30l

1:1 transformer and two parallel capacitors for input/inter-
stage matching
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PA Schematic

DN DO] ] |&

Input Matching Driver stage Irﬂ,tlggashtiangge PA stage
A A
e N\ W N\
e i 100
1281 : Continuous
S w 250 Ve, |320/120nTT -mode
G i 16vi] Harmonically
083V [ s2u/120n tuned
S {281 H" network
o] T 200f 1% (J40f

Neutralization cap. improve power gain, reverse isolation,

and stability
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Outline

e Measurement results
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PA Die Micrograph

 0.13um SiGe
BiCMOS

* The core size:
0.29mm?

* Direct probing

©2018 IEEE
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S-parameter (dB)

N
S

Small-Signal S-Parameter Measurement

15 20 25 30 35
Frequency (GHz)
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20

(dB)

G at28.5GHz

Large-Signal CW Measurement

« 28.5GHz
e Gain: Gp=20dB
; ) sat=17dBm

» OP,45=15.2dBm
’ I:’AEtotaI=43-5%J
S PAEPA=50°A)
A A N A A * Pac_pa@PAEp,
CW Qutput Power P (dBm) =78.7mW

.g: Peat= 17

Pigs=15.2dBm

/
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Large-Signal Peformance vs. Frequency

70
0000 ___ 08 ‘e- 60 —

BW14s=43.5% (19-29.5GHz) =
0 = P_.1dB BW
40

© =19~29.5GHz(43.3%)

sat

“I

.20::5

18 19 20 21 22 23 24 25 26 27 28 29 30
Frequency (GHz)
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64-QAM Modulation Measurement
Carrier frequency=28.5GHz

Rng 505 mV

-27.3dB EVM
23.5dB MER
10.7dBm Py

1.4% PAEwta
5.6% PAEpa

-3.5883977901 358839779006

1GSym/s, 6Gbls

A: Chl 64QAM Meas Time ~

Rng 400 mY

268dBEVM  siSlREeR
23dB MER bl 21.5% PAEwun

f £ KR Y}
f;ii:: R 25 7% PAER:

10.7dBm Payy  CEEREEIET

Idiv

-3.9883977901 3.58839779006

1.5GSym/s, 9Gbis

EQ

-25dB EVM
o 21.5dB MER
m 9.8dBmM Payg

Idiv

18.4% PAEwal
22% PAEpx,

-3.5883977901 358839779006

3GSymis, 18Gbls

%ok ot om 2N
%ok ot om 02

11,661 %pk &t om 74
%pk ot om 0§74

= <1787
1@ Olfeat = 57,342
Quad Err = 14757

Wemg 1327 Nk st om M

~12.9069 %pk st om £

PhossEv= 49650  dog 34005 deg pk ot @m B2
FregEm = 3.2004
0 Offest = -5B.978
Qued Err = 15487

EVM are below -25dB for measured symbol rates
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64- QAM Modulation Measurement

—@—EVM—A—PAE_ L “V—PAE, —0— P..

(26 E
[24=,

-24

-254

-20-

EVM (dB)

-27

-28

6 8 10 12 ‘14 16 18
64-QAM modulation data rate (Gb/s)

Data rate (Gb/s) | EVM (dB) |P, @EVM (dBm)| PAE, .. @EVM(%)
6 -27.6 10.7 21 4
9 -26.8 10.7 21.5

18 -25 9.8 18.4
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256-QAM Modulation Measurement

Carrier frequency=28.5GHz

A: Chl 256QAM Meas Time =

Rng 400 mV
15

o -31.3dB EVM
0| 27dB MER
| 8.80BM Payg

16.2% PAEa
20% PAEpa

-3.507936508 35079365079

0.5GSymis, 4Gbis

A: Chl 256QAM Meas Time -
Rng 505 mY

-30.5dB EVM
26.2dB MER
" 8.8dBM Pag

-3.5079365079

16.7% PAEq
20.4% PAEpx

350793650794

0.8GSym/s, 6.4Gbls

A: Chl 256QAM Meas Time -
Rrig 400 mV

-30.5dB EVM
26 2dB MER _
8.7dBm Payg )

16.3% PAEt
20% PAEpa

-3.5079365079 350793650794

1GSym/s, 8Gb/s

15HR - 2703 )
N -

‘Bon b = -0 “db

MagEr = 2.5
Fhaee Err= 30842
FreqEw = 28394
G0Nt = B284
Quad Ew = 73840

B4R
56138

%pk #t gm
%pk ot om

= 32 Ky !
o= SOEE T Semy
Phess Enr= 18337

dey
FregEm = 23063
1@ Offent = 5226 di8
Guad Em = 71533  mden

. Fhe

EVM are below -30dB for measured symbol rates
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256-QAM Modulation Measurement

—@—EVM—A—PAE, —V—PAE, —0—P__

-29

32 ? : —— .4 o £
‘ 256-QAM modulation data rate (Gb/s)
Data rate (Gb/s) | EVM (dB) |P,,@EVM (dBm) | PAE,.,@EVM(%)
4 -31.3 8.8 16.2
6.4 -30.5 8.8 16.7
o 8 -30.5 8.7 16.3
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Comparison Table

© 2018 IEEE
International Solid-State Circuits Conference

This work S. Ali A. Sarkar | S. Shakib S. Hu B. Park |P. Indirayanti| M. Vigilante
RFIC 17 T-MTT 17 | ISSCC17 | ISSCC17 | T-MTT16 RFIC 17 RFIC 17
Technolo 130nm 65nm 130nm 40nm 130nm 28nm 28nm 28nm
gy SiGe CMOS SiGe CMOS SiGe CMOS CMOS CMOS
PA supply (V) 1.9 1.1 3.6 1.1 1.5 2.2 1 0.9
Pou 1d(BG'i|r§)q“e”Cy 19-29.5 26-34 27-29 27-30* 2842 | 26520 | 2833 | 2548
P_ . 1dB Bandwidth 43.3% 26.7% 7.1% 10.5%" 40% 10.7%" 22.2%" 63%*
out
Gain (dB) 20 10 15.5 22.4 18.2 13.6 22 20.8
P, (dBm) 17 14.8 18.8 15.1 16.8 19.8 19.8 16.6
P45 (dBm) 13.2 15.9 13.7 15.1 18.6 16 13.4
PAE, .. (%)*
(2-stt§t§|e PA) - - 33.7 22.6 21 24.2
PAE., (%)**
(1-stgge PA) 46.4 35.3 43.3 - -
PAE,,,@P 45 (%) - - 31.1 21.6 - 12.8 12.6
PAE,,@P 145 (%) 39% 31.5 414 - -
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Comparison Table

This work S. Ali A. Sarkar | S. Shakib S. Hu B. Park [P. Indirayanti| M. Vigilante
RFIC17 | T-MTT 17 | ISSCC17 | ISSCC17 | T-MTT16 | RFIC 17 RFIC 17
Modulation 16-QAM | 64-QAM 64-QAM
Datarate (Gb/s) § 6 9 18 | 4 64 8 - 3.2 4.8 6 0.48 15 6
EVM (dB) 27.6 -26.8 -25 (-31.3 -30.5 -30.5 - -22 -25 -26.6 -27.5 -25 -25
P, @EVM (dBm) §10.7 10.7 9.8 | 8.8 8.8 8.7 - - 6.7 7.2 10.97 11.7 5.9
PAE,,,@EVM (%)§21.4 21.5 18.4|16.2 16.7 16.3 - - 11 7.5% 17.3 5.75 2.3
PA core size (mm? 0.29 0.12 0.27 0.23 1.76 0.28 0.59 0.16
| 2?3{5 Single-ended Single-ended
Differential 2-stage Sln%]Jg{aenged 1-stage [Single-ended|Single-ended 2?3-’[S£E§d Single-ended é;tsz
Topology Continqous-mode C ontinu%u s- Ca;code 3-stage 2-stage Harmonically 2-stage with Output
Harmonically-tuned mode Class.F [Continuous| Class-AB | Doherty |, ~5ee| Doherty Power
‘mode AB Combiner
Class-AB

*PAE,,,, includes the DC power consumption of both driver and PA stage, **PAE,, includes the DC power consumption of the output PA stage only, and
#Graphically estimated from reported figures

© 2018 IEEE
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Outline

« Conclusion

© 2018 IEEE

International Solid-State Circuits Conference 26.6: A Continuous-Mode Harmonically Tuned 19-to-29.5GHz Ultra-Linear PA Supporting 18Gb/s at 18.4% Modulation PAE and 43.5% Peak PAE 46 of 48



Conclusion

* A Continuous-mode harmonically tuned ultra-linear
wideband PA is implemented in 0.13um SiGe.
« Continuous-mode operation achieves high efficiency
and wide bandwidth.
* First demonstration:
- P =9.8dBm/PAE

average mod

P =8.7dBm/PAE

average mod

=18.4% at 18Gb/s 64-QAM
=16.3% at 8Gb/s 256-QAM
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A Coupled Rotary-Traveling-Wave-Oscillator
Based Subharmonic Receiver Front-end for 5G
E-Band Backhaul Links in 28nm Bulk CMOS

Marco Vigilante'2, Prof. Patrick Reynaert’

KU Leuven, ESAT-MICAS, Belgium
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26.7: A Coupled-RTWO-Based Subharmonic Receiver Front-end
for 5G E-Band Backhaul Links in 28nm CMOS Bulk CMOS



Challenges @mm-Wave

E 0 [Jany, JSSC15] 330 [Mammei, ISSCC13]
S .80 =25 -
m o ¢
.2 20 | ¢
-100 s
T ¥ 15 | ¢ ¢’
O)
= 1120 £ 10| ’—Q
® g )
< 140 Y :
100 20 30 40 50 60
Frequency [GHZz] Frequency [GHZz]

* Phase noise & tuning range drastically degrade with frequency

» Deep-scaled technologies do not help!

© 2018 IEEE 26.7: A Coupled-RTWO-Based Subharmonic Receiver Front-en d
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Local oscillator requirements

64-QAM
SNR Degradation
@10°BER [dB]

“7'[ [lotti, JSSC17] !

-130 -125 -120 -115
PN@10MHz [dBc/HZ]

" PNg1omn,=-119dBc/Hz degrades SNR <1dB

= |n combination with >19% TR & I/Q phases!
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Subharmonic receiver requirements

RFIN
@fre

L

1

—
<
=
—

7

ks

_3. E TIAH 2

N/2 phases sine

N-phase LO
fL.o=2fgre/N

G,

__/

N/2 phases cosine

:D. .g: Ll TIA

= Target noise figure <10dB (1km link distance)
» >15GHz BW ;5

= Current mode operation for low Vg

'monic Receiver Front-end
in 28nm CMOS Bulk CMOS



CG=2/n

Vio0°

IRF,IN

\_

CNI2=1, f o=fre |

IBB,OUT

)

How far can we push N?

INI2=2, f o=fael2 )
CG=2/n-cos(d,,,)

Vo 0° .
VLO 90 +¢err

IRF IN IBB,OUT

\- J

N

(NI2=4, f o =fre/4
V. 0°
Vio 45°+d,

V|_0 90°+¢2

|D
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err‘_

CG penalty
oryl [dB]

dueto| ¢

0

(With lossless switches)

— N12=4, ¢1 = ¢2= ¢3

——NI2=4, ¢ = $,=¢,

2 4 6 8
16, | [°]

10

38° = <1dB CG degradation
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Proposed coupled-RTWO-based SHMXs

Tl :

() —— '?"!"‘e RF,N' : _'-': :\ .................. SubharmonicMX
§ 5 -1 A >0 10 0° L0 45° 10 90° 10135° :
FEER EROOCHARER [
IE """ Qe \ ' Irr Mo T 31 ¥ L _olgs
Veor,1 Vent Bo-Bs TL. Vi /VLO / Vie / Vio /
................................... -I,-?LQ* " S S e S e S W O

R S
f Zg f%gj'm =-0:0-0:0-0:0-02‘-f .......... o0 vers w0 vewss

Vcor,QVcnt BO'BS TLQ—

= N=8 = f ,=fx/4 (=20GHz)
v/ No image problem
v~ | LO feedthrough
v/ No PA pulling
v~ Superior PN, TR & FOM
v No LO buffers needed!

N e 9

, ]
So -

= Coupled RTWOs
v/ 3dB lower PN, same FOM
v/ Pseudo square-wave
v 1CG SHMX, |4 harmonic (|LOFT)
v~ Simple 1/Q correction
oo E1282N layout solution

Links in 28nm CMOS Bulk CMOS



More on RTWO design

80— j—a=ag £ T R
= 600 —Rg,=0
— 400}

Z

CE—— RLU=0

| —

i —
-n.-------n- -
(2] AN
[

s )

) c

[
-...u- - - - -

N 00| i
’ 1 3 5 7 Q—/ [I\/Iorom JSSC14]

Harmonic — [Garampazzi, JSSC14]

PN(Af) = 10logqg

_KBT(l +y) (fo )2_ <¢ IncFl;ease
RF

(UyVpp)? (HVVDD)Zﬂ ~ (uyVpp)*m
Rt QZ, Q V
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Broadband LNA design in the E-Band

80 [3=w=20x1.06pm
-4-W=40x1.06pm
[ W=80x1.06um

== W=20x1.06pum
~¢- W=40x1.06um

0
2
0
= Fixed bias for maximum f, g,/ g [ Wes0x1.06um
6
4
2

* Qg ,in iIndependent from Lg and W

© Lower Lg =» higher G, | | | _
® Larger W =>» higher Py 20 40 60 80 100

© 2018 IEEE 26.7: A Coupled-RTWO-Based Subharmonic Receiver Front-end S [p ]
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Broadband LNA design in the E-Band
- « G §=1/(1-k?) £=1/(1-k2)

a g 100 7 0
GT '-} EJ' ’_% s — .10
T - - EI
__ 20
2 5
o L kP = 30
nCS _E EJ.JE RS i i i - - a -
I”\E = = 0 80 100 080 80 100
@ Frequency [GHZ] Frequency [GHZz]
Zin/n L . C |k|_w124_w% L = 1
= o e wg + w? wgCs(1 — k?)
Ne s | A L
LJE-Ls w5 (1 — k2)CER500
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Chip Micrograph

1500um

© 2018 IEEE
International Solid-State Circuits Conference

* TSMC 28nm-bulk-CMOS
* No ultra-thick RF top metal
= Core area 1760um x 620um

26.7: A Coupled-RTWO-Based Subharmonic Receiver Front-end
for 5G E-Band Backhaul Links in 28nm CMOS Bulk CMOS 10 of 16



Coupled RTWOs measurements

F Treoz] £ T,
L : Z
I = TP
A -100 1 S -132 ‘;}*} > ’: > Pl.174 T
= N >y :P » > » §§
E: -120 _% B -134 ‘ -176 @8
qC) -140 oN Q -136‘ ‘ *f‘ ¢4 -178 S_)
o160 ] B 138 . . - -180
1 10 100 16 17 18 19 20
Frequency offset [MHZz] Oscillation frequency [GHZ]

= Benefited by the subharmonic architecture f, ,=f./4
» 20.5% tuning range (400MHz minimum overlap)

* PN from -131.2 to -132.8dBc/Hz (1.6dB variation)

* FOM from -176.7 to -179.5dBc/Hz

© 2018 IEEE 26.7: A Coupled-RTWO-Based Subharmonic Receiver Front-end
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SHRX mea

Power breakdown between
the blocks @lowest frequency

2x BB TIAs 9%

N\

Gumpcst 5X Gm 38%

2X RTWOs 53%

No LO buffer is
needed!

© 2018 IEEE
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o

1/Q phase |[°]

© ©O© O O
N B

o

| =——Meas.
smns S|m

0 20 40 60 80 100
Frequency [GHZ]

~&-wl/o calibration
| =»=w/ calibration

88 A A A A M A A A
62 64 66 68 70 72 74 76 78 80

Frequency [GHZ]

Conversion Gain,
Noise Figure [dB]

P, [dBm]
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surements

= =N DNDW
o

O O

0 6570 75 80 85 90 95
Frequency [GHZ]

—

1
@)

-10 t

O U O HUI O O

81.4GHz

240 -35 -30 -25 -20 -15 -10

Pn [dBm]
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E-Band Frequency Generation State-of-the-art

\

et fech [ [FGrﬁIi] | [T°/E{] | [2%] ( Pl\;d%g/gll\g]Hz | [dggllﬂz] Q
Thiswork el 2 C°(‘;2'_eg@ffg” O (;2:1:;3:2) 205 | 87.6.75 (ﬁgmgg% 176.7-1795 | YES
f;gg;'?rig; é&%ms VCO + SH-QILO5 78-87 11 100 116 17423 YES

TG S aveo weoor | g8 | B | om0 | ‘moaniras | YES
|SHS“§2? ; gfﬂ%r% /Q ILFM3 705855 | 192 | 473 | -1117-1158* | -1735-1763* | YES
Jsslgtf; " %?grg 4 C%JLE’;Z‘:U\;%?S ' 69.6-809° | 15 50 | -126-1282¢ | -187.21-1882° | NO
53@?8[21' 'sice VCO+QU§§JEf’e|fr+Hibrid r4-824 2| NA [ 1191207 NA YES
o ot Voo, cmmp o 18089 | 3 | we | 0| ms e
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E-Band RX State-of-the-art comparison

Reference This work Guermandi Guermandi Fujibayashi Levinger
JSSC17 [2] ISSCC15 [3] JSSC17 [4] TMTT16 [5]
Technology 28nm CMOS 28nm CMOS 28nm CMOS 0.13um SiGe 0.13um SiGe
Subharmonic Direct Conversion Direct Conversion Direct Conversion Sliding-IF
Architecture Direct Conversion VCO + SH-QILOS SH-QILO5 VCO + Quadrupler +  VCO + Quadrupler +
2 Coupled RTWOs Hybrid Coupler Divide-by-2
f. [GHz] 75.1 82.5 79 78.5 73 83
Gain [dB] 28 31 35 15 70 70
RE-BW 12.5GHz* 9GHz 8GHz 1GHz 5GHz 5GHz
(16.7%") (10.9%) (10.1%) (9%) (6.9%) (6%)
NF [dB] 8.3-10 12# 6.2-7 7-8 6-7 6-7
ICP, 45 [dBm] -25 -28 -32.5 1 -19.6* -21.6*
RX Py [mW] 77.3 68 59 197.5 222 222
On-chip LO? YES YES NO YES YES
LO freq. [GHZ] 16.1-19.8 78-87 NA 74-82.4 15.6-19.3
[ LOTR[%] 20.5 11 NA 12 21.2 A
LO Ppc [mW] 87.6-75 100 NA NA 405"
PN @10MHz -131.2/-132.8 o -133
dBc/Hz] (-119.1/-120.7)V 16 NA 19120 (-120)"
. LO FOM [dBc/Hz] -176.7/-179.5 -174.3 NA NA -171.5" y

© 2018 IEEE
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Conclusion

v/ First Coupled-RTWO-Based Subharmonic Receiver
for high-capacity 5G E-Band backhaul links

v~ N=8 differential phases are generated by distributed oscillators
v" A simple I/Q correction circuit is proposed
v~ Current mode design allows low V,, operation

v/ SHRX implemented in 28nm CMOS

v Record phase noise, tuning range and FOM
v~ State-of-the-art RF BW ,,; and noise figure
v~ Excellent I/Q phase accuracy
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mm-Wave Massive MIMO Base Station

. Why (Multi-User) MIMO?

« Spectral efficiency enhancement

El T'h'ls'vic'}rl(h T through spatial multiplexing
User 1 P il " YR EserT L K user data streams extracted from
2 W, .., | User2 array of M antennas

L * Why Massive (M>>K)?
|:_£| / N * Linear beamforming achieves
User 2 ‘ ® D Mlw, ... w,, | User K nearly-optimal performance

ﬁ Beamforming  Why mm-wave?

User K matrix . Wide BW and compact array

 Focus on E-Band: 71-76 GHz,
81-86 GHz, 92-95 GHz

© 2018 IEEE 26.8: A 12mW 70-to-100GHz Mixer-First Receiver Front-End for mm-Wave Massive-MIMO Arrays in 28nm CMOS
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RX Design for Massive MIMO

* Noise figure can be relaxed
* SNRgyr = SNRantenna + [ NFgy - 10logqo(M) |
 Low power and small footprint are key
* Good linearity is required
« RF/LO signal combining not practical (MxK mmW phase shifters required)

« Antenna streams combined at baseband: spatial filtering after front-end

 RX has to cope with in-band interferers

© 2018 IEEE 26.8: A 12mW 70-to-100GHz Mixer-First Receiver Front-End for mm-Wave Massive-MIMO Arrays in 28nm CMOS
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Conventional Mixer-First RX

LOI+
v

v Minimum # of stages at mmW
v Compact, low power
v Good linearity

LOI- v Wideband

RFin

LOQ+
deal-switch operation requires

Q- arge switches
X High LO power

N/ 2\/3

LOQ-



High-Zin Mixer-First RX

N  Small switches
=l - LOI+  Open loop baseband amp
= | : - -
= — |+ « XFMR match to antenna
| flO >
. . |_
Frequency = v’ Lower LO power needed
RFin . Lo v XFMR passive voltage gain
LOO+ compensates higher mixer noise
1:N — _ _
XFMR *> Q+ x High-turn-ratio XFMR not
= Q- feasible at mmW
LOQ- x Narrowband operation
First implementation: 5GHz WLAN RX
[Homayoun, JSSC 2015]
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Proposed Mixer-First RX

= | | | | LOI+
£ 400; | — FB OFF L
I 6u/30n
: |
- T
N : | LOI-
70 75 80 85 90 FB
Frequency [GHZ]
MIXER
6dB Av
V"
RFin —
_/
+4 /in
WIDEBAND
LO
MATCH i
[t
6u/30n
B
T

© 2018 IEEE
International Solid-State Circuits Conference

« Small mixer switches

N
LOQ+_FB

LOQ-

B :+ * |Zmix|=400Q
* Frequency-translational
feedback provides 50% Zin
reduction
BB amp is part of the loop
« W_FBMIX = 0.1 W_MIX
* 10% capacitance overhead
* <1dB NF penalty

_o.* Wideband matching network
i@r provides 50Q) input matching

26.8: A 12mW 70-to-100GHz Mixer-First Receiver Front-End for mm-Wave Massive-MIMO Arrays in 28nm CMOS
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Wideband Matching Network

Input
A bias DAC

4§<:I+

Cpad=40fF

AC —
short |

| | |Lsh=100pH

ESD
iodes

Ls=150pH

Mixer __|
Cin /]
20fF

—le

SHUNT LC

L MATCH

| i
+JO | 2/ \\/ R ,/"' II,I
|
00| Gt Di
||I| Illllll 1--
Il'n --“"-m--“---“--- \‘\\
\ )\
i

« L-Match translates impedance to 50Q @ fc
 Shunt LC resonator neutralizes pad cap and provides wideband match

« ESD protection and input bias included
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N
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LOin

BALUN

QUAD
HYBRID

L

1YY\

LOmM
\_

XFT NI 7K.
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LO Generation

LOI+FB

LOI-FB
LOQ+FB

 Low-power LO buffers:

« /dB max gain
« 300mV,SE,Opk out swing

« LC series trap for CM rejection

* Differential XFMR-coupled
quad hybrid generates 1/Q LO

* LO tone generated off-chip

26.8: A 12mW 70-to-100GHz Mixer-First Receiver Front-End for mm-Wave Massive-MIMO Arrays in 28nm CMOS

8 of 17



Chip Prototype

CMOS 28nm tech (no UTM)

1V supply

Core area 320um x 270um

VGA + Out Buf for measurements

1100 um

Power consumption:
 2x 2 mW BB amps
« 2x 2-4 mW LO buffers

AN
7

800 um

© 2018 IEEE 26.8: A 12mW 70-to-100GHz Mixer-First Receiver Front-End for mm-Wave Massive-MIMO Arrays in 28nm CMOS
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Measurement Setup

Test chip interface S-Parameter meas setup NF meas setup (Y factor)

Keysight N5247B Keysight Quinstar
Network Analyzer  N5292A/N5293A QNS-FB15LW

Broadband W-Band
extender Noise Source

I I

Vdd Ib BBl GND

P f———pi
P2

w

DUT ——=— DUT

Keysight E4440 T
Spectrum
Analyzer LO

LO sync path
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Input Matching Measurements

0 . . . . .
——LO Buf IDC =2 mA
—LO Buf IDC = 4 mA
m -10 1
S, v"‘
— y, S11<-10dB over 70-100GHz
- 35% fractional BW
9 20 :
-30
65 70 75 80 85 90 95 100 105
Frequency [GHZ]
RF signal swept +1GHz around fLO
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Conversion Gain Measurements

LO Buf Idc = 4mA

N N
o 0o

~
]

N NN
S N
®

®

Av at 100MHz foff [dB]
%

-
@)

/5 80 85 90 95 100
LO Frequency [GHZ]
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Linearity Measurements

LO Buf Idc = 4mA

RN
o b

Pout [dBm]
N .
- o0
®

N
N

N
N

ICP1dB at 100MHz foff [dB]
®

N
o>

/5 80 85 90 95 100
Pin [dBm] LO Frequency [GHZ]

-~
o
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Noise Figure Measurements

-
OV

NF,DSB at 100MHz foff [dB]
— — 5

© 2018 IEEE
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LO Buf Idc = 4mA

—
@

| <10dB 71-96GHz | *

N @ © 5

-

/5 80 85 90 95 100
LO Frequency [GHZ]
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Performance Summary

This Moroni| Vigilante Khanpour Kundu
work RFIC10| JSSC17 JSSCO08 JSSC15
Tech 28nm 65nm 28nm 65nm 45nm
CMOS CMOS CMOS CMOS CMQOS SOl
Architecture Mixer-first Mixer- | Sliding IF | Direct conv Direct
direct conversion | first heterodyne (no 1Q) conversion
Center freq [GHZ] 85 58 75 83 55
Vdd [V] 1 1.2 0.9 1.8 0.6 1.1
Pdc [mW] 8 12 14 o7 89 14 30
Frac RF BW 26.5% | 35.3% | >31% 36.7% 19% 38%
BB BW [GHZz] 1.8 1.8 0.32 // // 9 1.2
Av[dB] 21-26 | 19.5-25 13 | 23.6| 30.8 13 20.2 | 26.2
NF,DSB [dB] 8.2-10.8 | 8-12.7 | 11-14 |7.3-9/9.5-13| 5.5-7.5 |7.7-12|5.5-10
Max ICP1dB [dBm] -18 -16.8 -12 -25 | -20 -16 -28 -27
Area [mm?] 0.085 0.18 0.675 0.23 0.225

© 2018 IEEE
International Solid-State Circuits Conference
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Conclusions

* A 70-100GHz mixer-first RX is proposed, leveraging

frequency-translational feedback and a wideband matching
network

* Proposed RX achieves ultra-low power operation, without
severe impact on NF and linearity

* Suitable as a front-end for E-Band massive MIMO systems

© 2018 IEEE 26.8: A 12mW 70-to-100GHz Mixer-First Receiver Front-End for mm-Wave Massive-MIMO Arrays in 28nm CMOS
International Solid-State Circuits Conference
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A 13t"-Order CMOS Reconfigurable RF
BPF with Adjustable Transmission Zeros
for SAW-Less SDR Receivers
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Outline

 Radio Frequency Band-Pass Filters
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Passive Band-Pass Filters
0dB Q=00

Transition Band

‘/ Roll-Off

- >
Stop Band /:Transition  Transition:§ Stop Band
:Band Band:

-

Frequency Response

Frequency _
Q : Component Quality Factor
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All-Pole Passive BPF

2 lodB Q=00

S Q=100

Q.

N :

@ Increasing N

o

5 Band Stop Band

2 l< Stop Ban y \ op Band_

QD

=

5

QO

-

LL

Frequency _
_ N Wo Q : Component Quality Factor

Insertion Loss (dB) = K x ey x YR~ N : Filter Order
Transition-Band Roll-Off &C N K : Filter-Type Factor
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BPF with Transmission Zeros(TZ)

All-Pole, N=14 With TZ, N=14
Q=100 Q=100

Stop Band . Stop Bandl__

-

Frequency Response

Frequenc
_ N Wo I y Q : Component Quality Factor
Insertion Loss (dB) = K x < Ao N : Fi.Iter Order
Transition-Band Roll-Off «c N, TZ K : Filter-Type Factor
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RF Acoustic Filters in Multi-Band Receivers

Bulk-Acoustic-Wave BAW Filter Array of Switched
(BAW) Resonator o Acoustic Filters

£ )
_|_|\_|: d # #om
—A—I-H-

Band 1
TBand 2 =
of BAW Filter Shape _,I_\,. %
- w

Band 3
20 2
" =
) ‘ﬂ-| S
<40} o A
) . X

[

60} i Band 4
| j | 1 1 o-
0.6 0.8 1.0 1.2 1.4 -J_L

Frequency (GHz) —

Array of Switched Acoustic Filters (SAW, BAW)

\/ High Selectivity \/Low Insertion Loss J High Linearity
X Not CMOS Compatible
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Objective

Xd pueg-njiniA

Reconfigurable
Highly-Selective
BPF
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Outline

« Switch-Capacitor-Resonator-Based RF BPF Synthesis
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Switch-Capacitor (N-Path) Resonator

N-Path Resonators
¢1 2 Pn Py

Frequency Response

T T ee T
—L—
e o @ .- .....
(o O
— =
I
= WcLk
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N-Path-Resonator-Based BPF

N-Path Resonators Passively-Coupled N-Path Resonators

o " o

VAN A A

Lol L Ll L
TT T TT T

[Chen, RFIC 2016]

Frequency Response

—_——— Actively-Coupled N-Path Resonators
e T ) — I‘j'l o

° o = L:lJ
Lg 1 PSS
tor 'I"I; - 'I"I:__ - 'I"I; T

[Darvishi, ISSCC 2013]
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N-Path BPF Synthesis with TZs

Frequency Response

Frequency

2018 IEEE
International Solid-State Circuits Conference

Filter
Synthesis
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“Anatomy” of LC-Based BPF with TZs

Reactance

Frequency
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“Anatomy” of LC-Based BPF with TZs

W77 Wo WRr.1Z

[ TZ o é‘
(Short Circuit) “F_
i |

Reactance

] e -
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Q
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o |
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m | |
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B |

|
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Frequency
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“Anatomy” of LC-Based BPF with TZs

W17 Wo WR-1Z
[}

i TZ !
(Short Circuit)!
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Reactance
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Reactance

WLtz
Frequency
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“Anatomy” of LC-Based BPF with TZs

W1z Wo WR.1z
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WR-TZ

Wo

WLtz

“Anatomy” of LC-Based BPF with TZs
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“Anatomy” of LC-Based BPF with TZs
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“Anatomy” of LC-Based BPF with TZs
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“Anatomy” of LC-Based BPF with TZs

Coupling
Network

e - m

Reactance

Reactance

Wo
Frequency
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“Anatomy” of LC-Based BPF with TZs
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“Anatomy” of LC-Based BPF with TZs
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LC-Resonator-Based BPF with TZs
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Problem: Unwanted Charge Sharing
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LC N-Path
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[Chen, ISCAS 2016]
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Solution: Add Buffering Inductors

—_——-——
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Modified BPF with Buffering Inductors
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Effects of Inductor and Resonator Q

Frequency Response

Frequency
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N-Path-Based BPF
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Problem: Clock Phase Overlaps and Cp,r
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Solution: Add Negative Resistance (-Rqg)

W/O CPAR, Good CLK
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Outline

* Circuit Implementation and Measurement Results
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leferentlal N-Path-Based BPF Schematic
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Clock Generation for N-Path Resonators
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65 nm CMOS Chip
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Representative Small-Signal Measurement
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Corresponding Large-Signal Measurements
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Representatlve BPFs with D|fferent Center Freq.

S11,and Sy, (dB)

fLo |800/875|950(1025/1100
Ca (2020 24| 24| 20
Cs (3232 |32| 24| 24
Cc (3228 | 28| 28 | 28
Wana| 13 |14 |14 | 14 | 14
Wons| 2 | 3| 2| 4
Wane 4| 3| 3 | 4
Wap = 2.5Wqn
CeaL (4.0 (3.2(3.6(3.4(3.0
Cser (2.4 (1.9 (1.6 (1.3 1.2
P (8082|8697 |92

All Filter Shapes BW ;45 = 40 MHz

; > 100 dBl100 MHZ
. 52:,1,, 120
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Performance Summary

RFIC 2016 JSSC 2016 ISSCC 2017 RFIC 2017 ISSCC 2017 | This Work
R. Chen Y. Xu Y. Lien G. Qi S. Hameed
Technology 65nm CMOS | 40nm CMOS | 28nm CMOS  [180nm CMOS SOI| 65nm CMOS | 65nm CMOS
harge-Domai Filteri
Topology N-Path | Frorng | N-Path N-Path+LNA it N-Path
Tuning Range (GHz) 0.5-1 1 01 07 01 20 07 10 01 10 0.8-1.1
Filter Order 4 1-4 5 8 NA 13
Transmission Zero No No No Yes Yes Yes
Roll-Off Slope . . . . | |
(dB/ 100 MHz) 15 98 18.3 120 49 800 100
BW;s (MHZz) 30 32-48 13 g 40 2.5 30 -50
ICP.148 (dBm) 5 2 -6* NA - 7
B.145 (dBm) 11 |15 (AfBW=6.2)|13 (AFBW=6.2) | 8 (ATBW=5.0) |3 ‘ArBwe 2.0 @ (AFBW=1.0)
lIP3-IB (dBm) 19.2 NA 5 NA 8 25
IIP3-0O0B (dBm) 26 24 (Af/BW= 6.2)|44 (Af/BW= 6.2) [32.3 (Af/BW= 5.0){ 21 (A/BW= 1.2) |24 (Af/IBW=1.0)
NF (dB) 3.8-58 6.8-9.7 41-10.5 55-6.4 7 5.0 -8.6
Power (mW) 15-25 59 - 105 38 - 96 42 - 57 64 - 84 80 - 97
Active Area (mm?) 0.50 * 2.03 0.49 2.2 2.3 1.9

* Estimated from figures
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Conclusions

* Reconfigurable RF BPFs with controllable transmission zeros
utilizing N-path resonators (high Q), inductors (low Q), and
capacitors can be synthesized.

« A 13th-order N-path-resonator-based RF BPF is demonstrated
in 65 nm CMQOS.

© 2018 IEEE Paper 26.9 : A 13"-Order CMOS Reconfigurable RF BPF with Adjustable Transmission Zeros for SAW-Less SDR Receivers
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Outline

e Motivation
e Sensing concept

 THz near-field sensing SoC
» Circuit design and simulations
» Measurement results
» Imaging results

e Conclusions
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Motivation

Lim-scale resolution permittivity imaging

Biomedicine Industry Art Semiconductors

low-cost + ease of use + high sensitivity

¥

many untapped applications

© 2018 IEEE 26.10 : A fully integrated 128-pixel 0.56THz Sensing Array for Real-Time Near-Field Imaging in 0.13um SiGe BiCMOS
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Motivation

Near-Field i THz i Silicon
Super-resolution | | Low-cost
(<< wavelength) : o High integration
No external optics : Cell-scale resolution : Scalability
| (Lm-range) | Low-power
far-field ! o with | Mixed-signal
Near-Field Array | | high sensitivity
< % resolution ! ! I
not << \ I . System-on-a-Chip
resolved ! !
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Sensing Mechanism

Split-ring resonator (SRR)

@D -1 1

shield magnetic field localized field * expose to chip
from Chip top surface enhancement t()p surface

© 2018 IEEE 26.10 : A fully integrated 128-pixel 0.56THz Sensing Array for Real-Time Near-Field Imaging in 0.13ym SiGe BiCMOS
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Resonator Design

15.3um thick
BEOL

3D view equivalent circuit

|/ Top Metal:
/ Icsense

magnetic
coupling

IHP 0.13um
SiGe-BiCMOS

plit gap

—
-&01
(0]}
-
-
[N-]

----;;f----
-
O
@
H
-
O

[
1 Metal 4-6 !

J. Grzyb et al., JSSC 2017
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Sensing Concept

source SRR detector 3-D SRR inserted between source

—— 5 and detector
®—'| ) _’MV > Stop-band characteristics as an

f object-tunable transmission
OSC

Difference In transmitted power

resonance frequency shift
between two sensor states:

No object APt object with and w/o object present
Py Free-running oscillator and

P,. power detector

| =
| i ‘

|
fI' fosc f fI" fOSC f
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Oscillator footprint >> resonator

Challenges for Multi-Pixel Integration

1. Maximize filling-factor

@)
<
=3

D5

.”O

o © O
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O e
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o oL 9O
o X O
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3. Large-scale read-out scheme
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J. Grzyb et al., JSSC 2017
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Challenges for Multi-Pixel Integration

1. Maximize filling-factor High-density 1-D strip,
e Oscillator footprint >> resonator ‘ power divider network,
vertically mirrored

2. Response integrity
e Pixel-to-pixel coupling Striplines,
+ Field shielding m) High-isolation Wilkinson
power splitters

3. Large-scale read-out scheme

. ?_eal-time o Oscillator chopping,
* High-sensitivity | ‘ Fully integrated
* Low power consumption analog/ digital read-out

scheme

© 2018 IEEE 26.10 : A fully integrated 128-pixel 0.56THz Sensing Array for Real-Time Near-Field Imaging in 0.13um SiGe BiCMOS
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Sub-array Signal Processing

TPO

D1 ) A 0
0 1

550 GHz chopped

© 2018 IEEE
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4-way power splitter

SRR ~ lock-in

\%‘m

~H——

‘t to lock-in

<> —— X2

e

i

object-dependent
attenuation
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SoC Block Diagram

© 2018 IEEE

International Solid-State Circuits Conference

row|0] SRR
o TPO 1:4 power [°°** O ***° power 1‘0w|0!
Tgefosc splitter [oees — evee] detector [flleell3:d)
. —t
row|1] SRR
: 1:4 power [2°°°° gg *** power row[1
s I splitter [5ess = 222 detector [IEIB
row|31] 14 | Iiﬁﬁl ol ]
: ower [_2°°° oo ower row|.
O(m TPO I:) —0eee |——|oo.0— p m]
Irefosc splitter [—eee eeeo—| detector [[B<120
ASIC DEThbias :;5 L5
—1 row|31:0]  LIgain|[6:0]
1
13:0 detbias|5:0] ) T .
o=t COl(3:0 T
Bpga'ml'-"‘ltl]{l 6-bit  \ Lock-In-
adcc -
‘ FADC am
()?'SPI[/:‘:U] adcout[5:0] ,_ / p P p l
refetr][43:0] g ;5 T 2 active
=1 v
O reference )3 load
k= generator ér P2 O'O—OT P1 chip boundary

IHP 0.13um SiGe-
BICMOS
(f+/f..,=300/450GH2z)
Two vertically mirrored
64 pixel long rows of
SRRs/ power detectors
Each row divided into 16
subarrays of 4 pixels
» Driven from single
triple-push oscillator
» Connected by 4-way
power splitter
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lHlumination Source

VCCosc VCCosc

VCCosc

e Single-ended 3-push Colpitts
oscillator in CC configuration
» Common virtual AC-ground
prevents potential frequency
pulling
o Current-mirror biasing scheme with
= = = base pull-down logic for chopping
(chop) and oscillator selection (row)

| p°ower e Simulations: 530 GHz, 50 pyW
divider Measurement (break-out with
Iref antenna*): 534-562 GHz, 28 pW

:Ejbias

*J). Grzyb et al., JSSC 2017
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Simulated Sensor Operation

Object dependent insertion loss

Sub-array A 10 '
=
o
ob = 7
3%
s E-30-
2 Q]
100 pm i
40 | e |
460 500 osc 540 580
Frequency [GHz]|

o 7.8 dB power-splitter insertion loss
e 15 dB modulation depth
 >30 dB DET-to-DET isolation
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Pixel-to-pixel Coupling

Resonator impedance Is strongly
object dependent

$

Reflections and impedance
Imbalance In the splitter network

@

Parasitic response
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Pixel-to-pixel Coupling

10 ¢
m
.15
5 — g
2| 20 2
= -
5 E' 25 ) E« i not dfistinguishable
.= ~s . : j
_30 L i i i ’ -26 I ! i i
460 500 540 580 534 536 fosc 538 540
Frequency [GHz] Frequency [GHz|
Desensitization caused by network coupling
-> worst case: g, uncertainty 0.1
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Power Detector Design

globally « THz-to-DC rectification

VDDdet o shared o BE-junction non-
|‘| ! I:Jf T i linearity of SiGe-HBT
5 b —; L (R = 0.484/,,)
le. l_+ I* ! o \fet « DAC controlled,
_ 1as ' ref selectable current mirror
— | gl—lﬁla biasing scheme (3.3V
G : | ‘ o ‘Enl_:“_i THz logic)
- xl I idetector « Globally shared active
sze—?l—| My L load for detector current
= = ?\ to voltage conversion

each pixel
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Sub-array Schematic

VDDdet —T—

200/10

x1

NOISE CONTRIBUTION
@ 200 KHZ

detector
27%

common to

all

Rb1,2
62%

subarrays

Simulations:
e BW =350 kHz

33

o—|| 1/0.
€1l

Wilkinson

power detec.

power splitters

Ap(x1)=0.13pm x 0.96pm

© 2018 IEEE
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Viee ® Transimpedance = 60 kV/A
t(f: Vet o V. @ 200 kHz = 1.8 uV/VHz
il .
| to BP

Wlth APdet,metalz 25 l’l'W

and R; =048 A/W
- DR=91dB
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Chip Micrograph

2.Oomm
=110pm |

distance
ASI TSV
Bondpads to bondpads SIC

split-ring
fffff - *********** 1A resonator

AE--ERNE

HHA R LA LA L LRI TIEE [] AENANNAEEAREN
g p O e

]
-
.
=
-
-

1.75mm

ADC 6.10mm
Total power consumption 78 mW
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Characterization Setup
| > Spectrum | __ ..,
Analyzer | needle
[ Power | ? 1Pamp-_0\ée% trafl:l{a-ltzz ion
Supplies b) —oV] stage
FPGA Sg : stc.;l;‘;gglmk-ﬂiﬂ H|H % H|H

PC

DR _ 20 Zoglo( Vinetal — VnoObj )——)" AV

VTLO’LSB
Dynamic range:
1) No Object =2 V, oy,
2) Completely covered (metal) 2> V

metal

© 2018 IEEE 26.10 : A fully integrated 128-pixel 0.56THz Sensing Array for Real-Time Near-Field Imaging in 0.13ym SiGe BiCMOS
International Solid-State Circuits Conference 19 of 24



Read-Out Characterization

Analog:
dynamic range/pixel variation
100
= 8071
A 60 Hin
= DR= DR>70 dB
> 40 93dB ..... ......... anSpot nOlSe
< 5ot N . 1.6uV/JHz ..
0 5 5 . @ 200 kHz
0 20 40 60 80 100 120
Pixel #
Typical:

DR =93 dB (1 Hz BW)
57 dB (2.4 kHz BW)
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Digital:
dynamic range/ frame rate
PO 35
45 30
= 125 2
— 40 %
o 20
~ 351 —15&_‘S
110

2'0 2‘2 2'4 2'6 2‘8 10
Number of Averages
fs=1 MHz, f,,,=200 kHz, f. | r=2.4 kHz
Navg— 64.

DR =37 dB, frame rate = 28fps

sing Array for Real-Time Near-Field Imaging in 0.13um SiGe BiCMOS

20 of 24



Imaging Results 1-D scan:
X-step - 1 um

e 1 TREEY Size- 1.5 x 3.2 mm?
= A ,I Time - 6min 45 sec
. L.« . Small distance to sensor
2 2B surface (< 10um)
120 £ translation stage e Bar edges resolved with
46 15um resolution
> O\ wsmedgewian (10-12pm with single

resonator / needle *)

bar width=50pm -+

pitch=250pum 0 10 + : : m a.X . S p eed :
0r 5 5 - — ]
X [mm] :;T:; 091 092 093 094 095 312.5 HS/ plxel
travel distance [mm]

Pixels=128x1500 (1D,1um step size) SoA NSOM = 10 ms/pixel
Tscan—=6min 45sec

*J. Grzyb et al., JSSC 2017
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State-of-the-art Comparison

. Dynamic Integration i
Technology Resolution Frequency No. of Pixels Ref.
Range Level
low ext.
NSOM typ.: 3.3-40um | 0.2-2.5THz ftyp.-<20dB} |decetetorfsource 1 [1]
, 0.534-
0.13um SiGe | est. 10-12um 0.562THz 42dB detector/source 1 [2]
_ 0.533-
0.13um SiGe | est. 8-10um 0.555THz 20dB detector/source 1 [3]
0.13um SiGe | est. 10-12um s il fully integrated 128 This work
0.562THz | 37dB@28fps

[1] A. Adam, J. Infrared, Millimeter and Terahertz Waves, 2011 [3] J. Grzyb, ISSCC Dig. Tech. Papers, 2016

[2] J. Grzyb, IEEE Trans. on Microwave Theory and Techniques, 2017
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Summary and Outlook

World’s first super-resolution THz

near-field imaging SoC Portable prototype
(demo session DS2)

Key features:
o 128 pixels, filling factor = 0.5 _
« 10-12 um resolution @ 550 GHz (\/55) | Near-field
 Fully integrated mixed-signal design S0C
» Video-rate read-out (up to 35 fps)
» DR =57 dB (analog),
37 dB (digital) @ video-rate
e Scanning speed up to 312.5us/pixel
e Ppc=78mW - 610 uW/pixel
« Stand-alone, USB, battery operated
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