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° mm-wave source generation
— Frequency multiplication
— Source distribution
* Overview system architecture
* Electro-optic frequency comb
* Measurement and characterization
— Phase noise
— Frequency domain
— End-to-end

* Conclusion
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Need an enabling
paradigm...

-band mm-wave link

o
-
* The 6G envisages new services: A
connected car, virtual reality and loT,
which requires high throughput.

* RF carriers with low phase noise
enables high transmission capacity.

Connected car

* Cooperative Radio requires o =
eets _
synchronization between base stations Drones
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A IMS A mm-wave source
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Mixer
 Difficult to generate fundamentals at Baschand /IF} I\ 2) RF b
Generation D
mm-wave Oscillator
* Typically relies on frequency @_.. equency | L0

multipliers (X [)
* Phase noise degrades by 20 log 5 dB.

-70

X3 Input
= X3 Output| ]

o
o

-90

* Source quality pre-multiplication
must be exceptional.

20log3~9.5dB ]

* Non-scalable: multiple oscillators at _
each frequency. Costly and need 5

: : 102 10° 10% 10° 10°
external synchronization. Frequency Offset (Hz)

9.5 dB ™.

Measured Phase Noise (dBc/Hz)
o
o
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mm-wave carriers
@_’ Frequency comb
generator
Fror

Data

Centre

* A high-quality optical frequency comb can be distributed to
multiple sites; economy-of-scale.

* Enabling simultaneous access to multiple frequencies

— Low Phase Noise B e AN
_ - ' oo VL
— High stability ] I I I - 100+ GHz IR

* Inherent frequency synchronization between each tone.
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100 GHz network
22-km ccomp ] [ WLTX e ¥ WLRX [
away Distributed R O/E - processing
o-Comb conversion network o 1125GHz wary k
Representative
° mm-wave simultaneous dual-band data transmission
StUdy'Case — Two W-band sub-bands: 100 (W1) and 112.5 (W2) GHz
scenario — Unidirectional: The 2 TXs sit at a site, the 2 RXs sit at another.

* Distribution
— The TX site has access to the optical comb, generated 22 km away.
— The RX site is remote, without direct access to the optical comb.

* Synchronization of CLKs and sources
— Intra-site: between the 100 and 112.5 GHz sources and the CLK signal.
— Inter-site: between the TX and RX sites.
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G2 IMS  System overview
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---------------- legend
s Modulator N
- : -3 6.25 GHz
| 1.5625 GHz I —  optical
! ; ___ 50 MHz clock 100 GHz 100 GHz 125
| CW Laser I I‘D — YM [
1 1
! | A {125} WS DT TX 1 RX}—(Scope-1 PJ
|\ i 6.25 GHz [ [ 112.5 GHz 112.5 GHz m 4..
\ ______________ -
& ( jj ) § 12.5 GHz AWG-2Y=W2 TX LWZ RXJ Scope-2 j+
Electro-optic * ~_ ) [y 1_.__. i
comb generator ~ x8) ] X X .
14.0625 GHz 0O-RX 2: 14.0625 GHz

* W-band TXs and RXs: Gotmic GaAs pHEMT up to 24 dBm P1dB with X8

* AWGs and Scopes: Keysight and R&S °* RX LOs: R&S

* BPFs: Resonant cavity filters * PD: APIC 20 GHz InGaAs PIN
Frequency divider: Modified Hittite * W Antennas: Flann Rect Horns
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O IMS  Electro-Optic Frequency Comb
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——————————————— . 4th order (6.25 GHz)
;" Modulator driver | ol ()k | O \
: 1.5625 GHz ( |
L ® : o ol B
: \/ | g 1 th ofder (125 GH2) g1k ordet (14.0625 GHz)
CW Laser | e
| I PD S5l I
: ! LI §* | Labee .|.L_..._; W IZINO: i F | FUBRIGF | 1 OGP, | PUBerl B R eV e 1
[ @ | . | | . . |
‘- 202 / 4 6 8 10 12 14 16 18 20
* RF driver: 1.5625 GHz Signal Core e e
5 - 8t order 12.5 GHz: W1 LO
(—137 dBc/Hz at 10 kHz) . 125%8 = 100 GHz
— Comb frequency spacing e 9t order 14.0625 GHz: W2 LO
— Comb fundamental — 14.0625 x 8 =112.5 GHz
— Comb element phase noise * 4% order 6.25 GHz (low path-loss):

- Inherent sync capabilit CLK sync (external sync)
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G2 IMS  EO comb setup

) 22km
Optical optical
intensity fibre
modulator
Optical
phase
modulator
J Erbium-
g D
RF modulator ) F‘i’bpfed
driver Amplifier
° (EDFA)
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O IMS Measured Phase Noise Performance
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* Against candidate commercial
oscillator 20 GHz Tl (same range as
the PD)

— Performed better in the near-
carrier region below 200 Hz offset

Comb-extracted source at 12.5 GHz
Comb-extracted source at 14.0625 GHz
- = =TI LMX2595 at 12.5 GHz

= = =TI LMX2595 at 14.0625 GHz

----------- Signal Core SC5511A at 12.5 GHz
----------- Signal Core SC5511A at 14.0625 GHz

-
=
N
- o

— a slight disadvantage from 200 Hz
to 4 kHz.

— Beyond 4 kHz, the comb

- S
i T \';; =

i

-

X

X,a‘k

Measured Phase Noise (dBc/Hz)

performed significantly better. -115 R s L x|
oo bbbl e, ]
* Against Comb RF driver 1251 :
(implementation penalty) 130 - - -
: 102 10° 104 10° 108
Expansion below 30 kHz from Frequency Offset (Hz)

dispersion
— No penalty beyond 30 kHz.
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TX site RX site
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e 17 subcarriers
* 3.2 Gbit/s per TX
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Measured Performance
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With nonlinear equalization S S BT

= ——— W1 100 GHz o E 4 ——— W1 100 GHz R o)
24 - — —W2112.5 GHz - - — = W2 112.5 GHz g
05 5
22 3 2
" 8 &
X 20 35 =
= 2 2
2 18T N T = 440 § §
= — - o Y
16 bistortion= O ®
14 Himited -45 & &
region T Noise-limited region G>) q>)
12 ' ; : : 50 < <

2 3 4 5 6 7 8

Distance (m) Distance (m)

* |Indoor cluttered environment
e 2 to 8 meters
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A IMS Within each band at 5m

Connecting Minds. Exchanging Ideas.

W1
RF 99.62 GHz 99.67 GHz 99.72GHz 99.76 GHz 99.81 GHz  99.86 GHz

EVM 12723 % 12 92% 12.87 % 139% 12 97% 14 54%

99.91 GHz 99.95 GHz 100 GHz  100.05 GHz 100.09 GHz 100.14 GHz
1542% 13.22 % 1316% 1221 % 13 96%

100.19 GHz 100.24 GHz 100.28 GHz 100.33 GHz 100.38 GHz All
12. 96 % 13 77 % 14 04 % 12 26 % 12.77 %  Subcarriers

o ®
SAN DIEGO

W2

RF 112.12 GHz112.17 GHz 112.22 GHz 112.26 GHz 112.31 GHz 112.36 GHz
EVM1584% 1633% 16 8% 1554%

112.41 GHz 11245GHz 112.5GHz 112.55GHz 112.59 GHz 112.64 GHz
1595% 1615% 1597% 1495% 1496%

112.69 GHz 112.74 GHz 112.78 GHz 112.83 GHz 112.88 GHz All
1522% 1403% 1446% 1391 % 1389% Subcarnrs

No indication of phase noise and frequency instability

limited behaviour

/A IEEE MICROWAVE THEORY &
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f, Modulator @ \ Q>

| driver 1 6.25 GHz | Finalist _ ¥

| 1.5625 GHz | P!

l : 100 GHz

| CW Laser : |—|> Ij

|

! ! — = +125|r IIAWG-1)—|W1J X

\ ! 6.25 GHz I 112.5 GHz

"""" , 3'"""_22kmsr\m:28 oy ' (8]

K m § 12.5 GHz —»|AWG_)—|W2 TX
Electro-optic * Sy 4
comb generator =

14,0625 GHz

* Successful |mplementat|on of comb-enabled dual band transmission
at W-band

— Distributed frequency scalability both within and across sites
— Inherent frequency synchronization across comb frequency range
— External frequency synchronization through broadcast

Direct mm-wave generation with advancement of PD?
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