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Cellular & Wi-FiI Trend

Takyo Tech
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Phased array
%1E7>7_'TRTXZF~ %E?yﬁ'j_n[{x*

Pt — nTXPt
G, = nixG, g=_°C (nyx Py) (nTxG;l) (nrxGy)
G, = nrxG, 41tf . \ KTB2

28GHz LOS (NLOS7: 5%31/10)
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n=10000: d = 1000km (60cm x 60cm array)g
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Data rete [bps] = Nyjmo X Nwog X f X Ry X (Npgx12/ T, he) X (1 = Roy) X Rpy
Ny © BAMIMOL A V72
Nyop : ZFEZ2RILBTZDOE W R
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Toympar © 1 OFDM= 2 IRILEBTZ D DEFREER[sec]
Row : B TIL—LBEDDOA—)IAY BE (BRBESOHEF v FILEE)
Rouu : TDDDUL/DLDE S T HE
(B4 DLODIES) KIGPPTHMlEI ., SEEENIAEENES
10.1 [Gbps] =8 x 6 x 1 x (948/1024) x (264 x 12/ (8.93 x10%) ) x (1 -0.2) x (4/5) x 10°
Nymo = 8 %1 DL:EAS8LAY (SU-MIMO) ,12L--« 17 (MU-MIMO) . UL:EA 4 L-I17 (SU-MIMO) , 12117 (MU-MIMO)
Nmop =6 %2 QPSK:2Bw ik, 16QAM: 4w bk, 64QAM: 6F v I, 256QAM : 8Ew
f =1 %3 IZAFTLABEOBRSEEEEOEORI L. UEDAR—Z)U FIUBEEDICIE U T0.756RIRaT4E
Rwax = 948/1024 %4 F—49Fvx)L:LDPCRS (BRARFSILEI48/1024) | #lHF =)L : Polarkis
Ngg = 264 %5 Tk, 2643, UK - YJ++ UPREB120kHz - 400MHZIEDIEE
Toymbo = 8.93x10° %6 RS- F[5G NR(New Radio) 7L —AtBK S8, U J+v UFEIB120kHzDBE, 8.93usec (=8.93x107° sec)
Rou =0.2 X7 {ERASBESHEF v, ZUKTIEHMABMSERBOESS, —#&MN(CSub-6(30.14, = UK(E0.2
Royuw = 4/5 %8 TDDDDL/ULDEIHTIEER, 4/5(F, DL:UL=4:1& UTZHBADDLOZEE.
F:3GPP 1CC (OZiR—%> bFvUY) EHEDOVUY-2TOVY (RB) K
47 % | 1CC (A>MR—F> bFvrUP) #8 [MHZ]BZODUY—XTOvY (RB) &
fiﬂﬁﬁ 10 15 20 30 40 50 60 70 80 90 100 200 400
15 52 79 106 160 216 270 - - - - - - -
Sub-6 30 24 38 51 78 106 133 162 189 217 245 273 - -
60 11 18 24 38 51 65 79 93 107 121 135 - -
60 - - - - - 66 - - - 132 264 -
28GHz™H o ) ) ) i . 3 _ _ ; 66 132 264
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SISO, 64QAM, NRZEHBLPHY/MAC overhead3A#&
(1*6*1*(948/1024) * (264 * 12 /(8.93e-6)) * (1 = 0.2) * (4 / 5) * 1e-9)
= 1.2612Gbps

2XxMIMO, 64QAM, NR#ZEHLPHY/MAC overhead A&
(2*6*1*(948/1024) * (264 * 12 /(8.93e-6)) * (1 — 0.2) * (4 / 5) * 1e-9)
= 2.5223Gbps

2XxMIMO, 256QAM, NREHLPHY/MAC overheadA#
(2*6*1*(948/1024) * (264 * 12 /(8.93e-6)) * (1 — 0.2) * (4 / 5) * 1e-9)
= 3.3631Gbps

2024/5/16 21
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DL(64QAM): 256(BS)-to-4(UE)

d x Nx\/NMRx

Carrler 28GHz Distance 500m
Freq.
Channel
BW. 400MHz FSPL 115dB
26dB
kTB -88dBm Req. SNR (64-QAM)
TX RX
X ,_Array 256 RX {-\rray p
Size Size
TX Array RX Array
Gain 24dB Gain 6dB
GTXArray G rrrrrrr
Antenna Antenna
Gain- Gain-
Imp. Loss 4dB Imp. Loss 4dB
GAnf GAnf
Pﬁ Pout | 50Bm+24dB NF 8dB
outPA
57dBm
Pwr. After -58dBm
TRERE | PomtSram® | FSPL Py (EIRP-FSPL)
GAnt) ev
Received
TX-to-RX 32dB
SNR (PRev+GRXArray+GAnt'N F-kTB)

Downlink(Zih /5= 1t K)
QPSK 0.42Gbps @ 2160m
16QAM 0.84Gbps @ 1000m
64QAM 1.26Gbps @ S500m
256QAM 1.68Gbps @ 110m

Uplink (ifisk=>Z#5)

QPSK 0.105Gbps @ 500m
16QAM 0.210Gbps @ 200m
640QAM 0.315Gbps @ 60m

BS: Backoff 6dB(QPSK, 16QAM, 64QAM), 13dB(256QAM)
UE: Backoff 0dB(QPSK), 2dB(16QAM), 6dB(64QAM)

2024/5/16
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UL/DL Data Rate vs Distance
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6GAMITT
THz (>100GHz)

Extreme high
data rate (>100Gb/s)

latency (~1ms)
NTN(JEih E)
Extreme coverage Extreme high
extension reliability
Requirements

Extreme low energy Extreme massive
and cost connectivity & sensing

EHBEN

Extreme low
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Theoretical Data Rate Limit

C =Blog,(1+S/N)
N =KTB

S:Pr:PthGr
B=u«af.

new assumption

4rtf .d

Co, = 822Gb/s

K. Okada, IEDM 2013

K. Okada, IMS 2019, WSF-2
K. Okada, BCICTS 2019
2024/5/16

C: channel capacity

B: bandwidth

S: signhal power

N: noise power

P;: transmitting power

P.: receiving power

G: G.. antenna gains

f.. carrier frequency

c: light of speed

d. distance btw Tx and Rx
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Theoretical Data Rate Limit

300
P, = 30dBm R
| NF = 0dB 3
250 ¢, = G, = 0dBi
a=0.2 BER 10°

N
o
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1007

Data Rate [Gbps]
H
o1
o

1
o

oL

K. Okada, IEDM 2013

K. Okada, IMS 2019, WSF-2
K. Okada, BCICTS 2019
2024/5/16

10 100
Frequency [GHZ]

1000
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Theoretical Data Rate Limit

300

250f

N
o
o

Data Rate [Gbps]

50f

150¢

100}

P, = 30dBm

10 100
Frequency [GHZ]

K. Okada, IEDM 2013
K. Okada, IMS 2019, WSF-2
K. Okada, BCICTS 2019
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N~

280Gbps @ 350GHz

1m, 30dBm

=0.1m, 10dBm

= 6.4m, 10dBm, 16 array
= 100m, 10dBm, 100 array
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Capacity with Multiple Antennas

C = Blog, {det (I + %HHH)} Yo = SNR

@ SISO
C = Blog,(1+ yy)

® MIMO (spatial correlation=1) e_g_H:(i D

C=B logz(l + n)’o) *equivalent to phased array

@ MIMO (spatial correlation=0) e.g.H=((1) (1))
C =Bnlog,(1+yy/n)

E. Telatar, "Capacity of Multi-antenna Gaussian Channels," European transactions on
telecommunications, vol. 10, no. 6, pp. 585-595, Nov. 1999. .
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Theoretical Limit of DataRate &

1200 |

1000 |

Data Rate [Gbps]
o)
3

0.1G 1G

(1) Spatial multiplexing
- Analog beamforming with MIMO
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Frequency [HZ]
(2) Higher frequency & wider BW D

more EIRP with phased array
more output power by non-CMOS technology 30



Theoretical Limit of DataRate &
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Development Hlstory of 60GHz m

Device modeling
Trial & Error

First 16QAM TRX
ISSCC 2011

2011/4 (65nm) | 2011/6 (65nm) 2011/8 (65nm) 201110 (65nm) 2011/11 (65nm)
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Waveform Generator
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120Gbps 100GHZzE CMO S {5

Low Band (LB): 0.3-20GHz
105GHz LOLs EDDD ‘

70GHz

I )

2N nE R EIElS = B |

fﬂgt [
N

65nm CMOS 2mm X 3mm
TX: 110mW, RX: 177mW

waveguide module
2024/5/16

High Band (HB): 0.3-20GHz —?7 70-105GHz PA
LOus

120 ] ] ] ] ] Z'
S e T e
' 120Gbps

E 90 |l® >60GHz P

o 80

©. 70 Tokyo Tech

L 60 [3]

® 50 SiIBeam,CEA-LETl UCR [ ’ >

fE 40 [univ. of \\ \\ Panas?ni(k: /'UCSD

© 30 -Toronto \ \ UCB_imeC Broadcom

Q 20 'UéB 7y // [9 101
18 IiECi P £Toshiba imec

2008 2010 2012 2014 2016 2018
Year

16QAM, 23dBi horn 120Gb/s @ 0.2m
(with 56dBi antenna 120Gb/s @ 400m is possible) .

K.K.Tokgoz, ISSCC 2018 35
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5G phased-array (~30GHz) 300GHz phased-array

oo0o0ooooaao
D D D D D D D D EEe pEEter
smm pitch 0.5mm pitch

64 elements 6400 elements

for 100m distance: for 100m distance:
Required P, = 10dBm Required P; = -30dBm
Ppc = 6400mW (10% efficiency) Ppc = 64mW (10% efficiency)

al CEEEB N 5100fSEEREN T S
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300GHz-Band CMQOS TRX

[50~70GHz]

IEEE802.15.3d Standard compatibility

mixer-first, mixer-last

Sub-harmonic mixer

=0)))

[278~304GHz]

115.5GHz

—

I LOV6

[38~39GHz]

N TX: 270mW
' RX: 140mW
TX-RX: 34Gbps

-
=

CHNL_ID
ol . 13
. W*“ﬁ
|
|

|
=20
1 .z'f - / " \"\. A, rd Iy /T L K
s
3 - \/ﬁ'\v’;nﬁ\’.rr"bﬁ” Wt S

18 19 22
iy
) fy

A,

2 =
Il

’

278

MNormalized Power
[dBc]

280 282 284 286 288 290 292

294 296 298
RF Frequency [GHz]

300

302

*GHML_ID is the channel ID as defined by IEEEB02.15.3d standard [1] (a.g. for ch.20, CHNL_ID=20).
**Roll-off factor of all the measurements is .26 as specified by the standard.
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I. Abdo, et al., IMS 2020

X

Die area: 1.9mm?
Circuit area: 1.49mm’

Die area: 1.9mm?
Circuit area: 1.52mm?




Chip Size over Frequency

15dB @ 28GHz

[ic]

2024/5/16

—
N

8
4
2 BFIC chip size
1 (normalized for 4 elements)
10 60 110
Freq. [GHZ]

160

FHDPNPNP>-

15dB @ 120GHz

oooao
D@D
a a

oooao
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4 elements

[30GHz]

°_€-l

N —
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Outphasing TX

Mode PS
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X2

LO Buff!
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O

I
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-
|

Vivaldi antenna

Front
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3 R
‘;»:—;.. i I .
NN fety
B NN
AR SEal
& I

Back

. Abdo, et al., ISSCC 2021
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l. Abdo, et al., IMS 2023
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Transistor Layout Optimization [Eg

Iconvenﬂonall

® DrainM2)y @ source (Ma)

Iproposed I

| Source (M2) | Gate (M6)

»~9 —D '
@
1" I
@
L

1
! .

W=gxiym 1 Drain (M2)

only 2 vias to connect gate

@@ | with PO

— large Gate resistance

@O

additional drain path in M&
— Gate resistance |

large Drain-Source (M2-M4)

@@ overlap area
— large Cds capacitance

@O

increase vias from 2 to 4 to

connect Gate and PO
— Gate resistance |

A6 Gate-Source (M3-M4) overlap
— large Cgs capacitance

QO

hollow rectangles in M6& to

avoid Gate-Drain overlap
— Cgd capacitance |

@O

less Gate-Source (M&-M2)
overlap — Cgs capacitance |

C. Wang, et al., ISSCC 2024

Measured MaxGain [dB]

6
5
4
3
2
1
2

65nm CMOS
V, =0.7V, V,=1.0V

— STD.— Prop.
20 240 260 280 300 320
Frequency [GHz]

fmax: 310GHz = 350GHz
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B A stand-alone PA TEG

PA S-parameter
w/ pads [dB]

P4.=38.8mW(VDD=1V) -80
220 230 240 250 260 270
Frequency [GHz]
M Each PA stage was optimized with different transmission line lengths to
boost different operation frequencies.

M The PA gainis higher than 20 dB from 237 to 267 GHz with a sharp cut-
off frequency window to suppress out-of-band undesired signals.

C. Wang, et al., ISSCC 2024
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4-element 300GHz-band PA-Last Phased Array

- 3.8mm
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C. Wang, et al., ISSCC 2024

2.6mm —

1-element

Area(mm?)

P, (mW)

RF PA

0.48

38

LO buffer

0.31

66

LO 4x

0.23

41

LOPS

0.24

64

Mixer

0.08

IF divider

0.84

Antenna

0.34
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4-element 300GHz-band PA-Last Phased Array ﬁ

64-element module size vs Japanese coin 1 Yen

— 580pm

1= m.»; 50um thickness
Wici < CMOS chips

i—78
ol : -:.\'ﬁ)"
64-element module
core part size

=10.7mmx3.8mmx2.3mm

A
A

C. Wang, et al., ISSCC 2024 44



88-136GHz Full-Duplex Phased Array

[ Y

Detected LOFT/Image

i win LO leakage suppression i Control
RF VGA saturated and galn compressed Control logic data

Frequency Division Duplex (FDD)

| freq

Time Division Duplex (TDD)

| freq

Full Duplex (FD)

A

RX

i —_— ety
CillTe el e @ a i sliniinimlis M o @ 8 B /

C. Wang, et al., JSSC 2024
2024/5/16

TX: 140Gb/s
OTA: 112Gbl/s
FD: 6Gb/s

£8 112136 [EH]

TX(+-

3l signal

RY{+-)

Ilmnga
Lo

RF V@A . Heutralized l-mixer

<llll

24 0 24
o | gg,

X

e -
2 24 0 24 [oH
o !
Ve RFVGA  Neutralized G-mixer —%EJ_E_'I Lo,
=
SICPS ml“[o ot Fhased-aray [28GHzZ]

T
1 BB
L_P2(0*) oy

Q_PS[Z25Y  PS (07009

@ L0+ grd5t LO-
e & BB

p o : Bsm

Distribuled Amp. 4=
:g]_‘t I_— (25MHZ-30GHz)
LOg
QmiKEr

-8
-10
-12
-14
-16

8

(On-wafer) [dB]

1
-1
2

TX EVM

BER=10" (16QAM) -16.5dB

®20Gbaud = 28Gbaud
®74Gbaud =32Gbaud
® 35Gbaud

0
-25 -20 -15 -10 -5

TX Pout [dBm]



6GAMITT
THz (>100GHz)

Extreme high
data rate (>100Gb/s)

latency (~1ms)
NTN(JEih E)
Extreme coverage Extreme high
extension reliability
Requirements

Extreme low energy Extreme massive
and cost connectivity & sensing

EHBEN

Extreme low

EaX k




NTN: from GEO to LEO

GEO(f#1LELE)

EEN
Q
w

Launch Cost going down

r

2024/5/16

-
(=]
N

36,000km

Launch Cost to LEO [k$/kg]
=

-
(=
o

1960 1970 1980 1990 2000 2010 2020
Year

e Shorter latency

+ Higher data rate
LEO({EE) . Lower launch cost

https://aerospace.csis.org/data/space-launch-to-low-earth-orbit-how-much-does-it-cost/
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NTN: from GEO to LEO

GEO (Geostationary LEO (Low Earth Orbit)
Orbit) FILBVERTE ENERE
Orbit altitude |36,000km 500-1500km
Latency 120ms 2-5ms
E;‘t’ﬁ';'?sce 212dB @ 28GHz 175-187dB @ 28GHz
Antenna Fixed beam ?;ggzgghra:;d array
Constellation by
Sat deployment | 2-3 satellites hundreds/thousands of
satellites
Lifetime 15- years 5-10 years
-300kg
Satellite Size Several tons e.g. Starlink 260kg
CubeSat(1U) 1.33kg

2024/5/16
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BRI K OrigamiSat Projects

— - YURICEBZ/-REAR T T
« JAXARFHBERNRKILETOT 5L
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B O 2 v
& A NEyeh SNS : > & !
5 Y \ b N
‘3 o RN 5N & : NS
3 g - s
N T o, v WIRGRNRCS
AN, & B s SN

deployable membrane

MTT-Sat Challenge winner
https://mtt.org/mtt-sat-challenge/
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D. You, et al, APMC 2020 D. You, et al, IMS 2021
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17=21GHz RX1

PA: Power Amplifier - m |c
D Diriver Amlifier -

FFPF: Poly-Phase Filter IS
LPF: Low Pass Filter

BPF: Band Pass Fiter

L2 Local Oscillator

LMA- Low Moise Amplifier

RFVEA: RF Vanable Gain Amplifier

ACE Adiacent Channel Interfere

17~ GHz RX2

— R A SRR

e

& iR EREMARE

RX1| RX2

{a) =& EMIMO

2024/5/16

——
T - ; ; ’
H i

373 GHz T

 BGHEYUY
7 mE

b) AEHMSE

Y. Wang, et al., JSSC 2021
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64dBm-EIRP 26.6W Ka-band Satcom TX

Modulation 256APSK
Polarization LHCP RHCP

Constellation

Spectrum s .
! 1l
o | : o JENS 2t ACPR [dB] 37 33
IC side ' EVM [dB] 271 -26.8

25.5-27.2GHz, 250MBaud each

4.4mm > 80
: Low Pour Design with %
75 Single/Dual CP active coupler : [1] [2]
'g70 This Work 1 & [5]
% 65 G- 2.-.3,[ 4 [11]
=60 % o8]
o “
o 55 @ [1’0] o L
T 50 [12]
45 [‘9] *[6] Moderate Poyr Design
40

10 20 30 60 80 100 200
DC Power Consumption [W]

2024/5/16 D. You, et al., ISSCC 2023 52



3.4mW/element Satcom RX

26.7-30.4GHz

Multi-Coup. ByF+pS MTPS :

LNA

[SQ-7-

[STB-7-

'Z,‘ '
TORNGBE]

5 NG o N [ T N [ o
IS w N (=3

[SQB-7-

AMP

MTPS BUF+ps Multi-Coup.

LNA

RO

i A3 i ﬂ 12
Tq g L

QB

RFout |

CMOS Chip

~ 8 Ele./Chipx32— 256 Arrays

8-element Phased-Array RX

1/10 Power consumption

-40 >
I+
= 1 * ISSCC21
5 g -45 .RFIC21 ISECClQ*"
© T, 50 % _ isscc20
= This Worl® VLSI20*" 4.5
g 'E -55 K ISSCC18
[ o
Z [
O  -65
wn ISSCC20 4.9
_70 2 2 2 2 2 222l 2 2 2 2 2 222l 2 2 2 a2l 2 2 2 2 2 a2
0.1 1 10 100 1000

Energy/Bit [pJ/b]
Note: #: normalized to 256APSK, BW_ =1.6GHz,*: single element, ~: calculated from SNDR

X. Fu, et al., ISSCC 2022/JSSC 2024

2024/5/16

Modulation 16 APSK 16 APSK 256 APSK 256 APSK
Symbol Rate 0.8 GBaud 1.6 GBaud 0.8 GBaud 1.6 GBaud
- - L] L]

Constellation "o o
* @ ® L] L .
- L]
2 . = Yo awe AP T
Data Rate 3.2 Gb/s 6.4 Gb/s 6.4 Gb/s 12.8Gb/s
RX EVM
(RMS) -36.4dB -33.1dB -35.7dB -33.2dB

*Measured by 8x8 Sub-Array Module
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2.95mW/element Satcom RX with Radhard

Radiation

(TID) Non-uniform Simulated Gain Degradation@1 year
Shadowing :
Ic
ii Proton and 2 B 0Oalc
ren '.
q-SdB 5 4
S0 -3.10B 87 Array PCB  E _
LEO Satallite -1dBj§ B on Membrane =2
A- ' b E 8
_.-'—'. f: S 10
tArra — ﬂ - g
y PCB —e . EF12
. — L S
Satellite Y L 14
Communication Hr;
16 A
1dB 5 10
Ship Building Phone X TID Sensor Numbler
Requirement 1: P:ased-
- rray
» Tolerant for the Non- Chips
S ——— Uniform Radiation
2.95mW per element
Block | Area | Poc

(mm?} | (mW)
LNA 0.14 | 2.95
PS 0.06 0

RFSW 0.04 0

Distribute
b ':_',',Mh -

D-VGA 0.08 2.65°

Comb. 0.06 0
BUF 0.08 27

C-VGA 0.08 3.2

c-PS 0.04 0

ke 4.4mm |

2024/5/16

RF-2Ws=#¢ High Lineariy (@ Low Power Mode

. Fu, et al., ISSCC/JSSC 2023

Common
>< k -Path b

Takyo Tech

-1 [dB]
1.5

TID Sensors
@Same
Chips

27.5-10 GHz

RF Phasze-Shifting
4H+4V Elements
65nm CMOS

On-Chip TID Sensors
Low Power LMA

Low Power VGA
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