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Applications and Objectives

« Applications and Objectives
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Energy efficiency
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Applications and Objectives

« Application Example

Access point for
positioning and

C)/Wireless charging

Invisible
actuator, e.g. for
Ighting purpose
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“Universal
ote control
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Applications and Objectives

* Required Features
» Low average power consumption (P,,.)
mmm) Battery, energy scavenging or wireless charging
» Low energy per bit (E;)
mmmm) Highly efficient communication
» Medium to high data rate (Gbps)
mm) \/ersatile applications
» Robust link
mmmm) No blockage problem under LoS assumption
» Smart link
E—) Adaptive neighborhood recognition
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Applications and Objectives

 Research Question

Latency

Can we achieve low P, and
low E,;; sSimultaneously with

] \ ‘ high data rate, e.g. 1 Gbps?

Localization

equgncy
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System-Level Research—Optimum E,;

* E,;; optimization—(peak power/peak data rate)

With certain
technology

With certain BER
requirement

Noise Factor Pathloss Tx Efficiecny
_ Ard,,
Fof . P ) 77
oc f2

Rx Sensitivity Tx Output Power Tx DC Power

* POU
S = KTB-F -SNR , _SPL Ppe =~
GtX -GI’X 77
o« f,R
« f™* R oC f_l, R
Demodulation SNR Antenna Gain TX Epit
_ Eb R I:)DC
SNR_N_O'E Goc f Epit 1 :?
o< R oC f -1
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System-Level Research—Optimum E,;

* E,;; optimization

1x10~ 1x10~*
. y R=10 Mb/s
1x10 1x10"° === R=100 Mb/s |-
_ E,.. of TX -
5 1><10_6 bit g 1><10_6 Eblt Of TRX ee° R=1Gbs
s ) :
2 lxlO_S% 2
S 5
E 1x10~° x’& 2
M w
1x10~ 20 H0sessesseseceseses
o
0 2x10% 4x10% 6x10% 8x10™° 1x10™1.2x10M.4x10M1 6x10™ 0 2x10™0 4x10™ 6x10%° 8x10%° 1x10'1.2x10 Y 4x10M M 610
Frequency (Hz) Frequency (Hz)
Ebit,TX . _ Ebit,TRX
-Decreasing with frequency -Decreasing with data rate
-Independent with data rate -Optimum frequency exists

(with certain BER and technology)

— Choose high frequency, directional antenna
and high data rate for optimum energy per bit!
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System-Level Research—Minimum E,;

* In a 60 GHz FE, E,; iIs 200 pJ/bit for the TRx at 1
Gbps data rate!

(BER=1073, distance is 5 meters)
Epie (3/bit)
A ZigBee BlueTooth

lu /4
Wearable o Wireless
100 n Healthcare Sensor

: IR-UWB Rx
Devices Networks
O
10n|" PicoRadio (Aml)
17 GHz ULP

1n Bio-sensor Q’//'

Meetie O This work!

IR-UWB Tx *
0.1n :
Data Rate (mt/s

100 1k 10k 100k 1M 10M 100M 1G
e ...however, the peak power is 200 mW...
 What about the average power?
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System-Level Research—P_,,

« Average power consumption optimization

Peak Power Causes Solutions!
) N\ Mini fl ( )
) Hi nd-by nimtn power oor Duty-cycled wake-
r up receiver (WuRXx)
. Remove the . .
ry high-power PLL Injection-locked
ity oscillator (1JLO)
Average Power ’
tion Minimum Linearity [ 50K pased self-
) ity demodulation
Eliminate the
square-law IJLO used in the

envelop detection
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System-Level Research—Architecture

 Asynchronous duty-cycled wake-up scheme

Main Radio-Tx Main Radio-Rx
T 4
4Ny /{
" 4 <
A /£

JLO

4
i ~Jpp> Y Main Radio L[>'7( Ii——" P

~J

“e
T_ 1JLO LPF tre,
\ e
Set the —— Duty-cycled ; Wake-up Radioj

A S - \i
weeping
powerfloor! = WuRX control
\
\
AN Counter - DAC
N Square-Wave A
~Always-on
‘A\\ y Control Voltage Frequency Reference shared with Tx
AN P = 64 Steps
S~ - BAW or crystal frequency reference - Control voltages

—_
——
- — —
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System-Level Research—WUuRX

« WuURX Architecture

64 steps

Low duty-cycle
Square-wave

6-bit DAC

A

A

6-bit counter

Only always-on module T

\
High sensitivity a%d wide

A BPE Frequency sweeping locking range!

\ control
\\
e WuRx control

A

OFF

ON
—-|>o—> Rx VDD

. . Technische Universiteit
[IJLO Passive Mixer  Amp buffer Inverter I U Eindhoven
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System-Level Research—WUuRX

* Locking time and sensitivity of the WuRx

1x10"°
26pA T
~—~ +
O, AFpA 60 pA
o) G
Band Selection Filter c 3 5 80§“A
—> ~ x10~% : \ : 20 pA
8) : A 160 pA
ON/OFF —g | 140 pA 180 pA
Control @) .
RF | - '
)
@ x10°
Injection-Locked Passive O *
Oscillator Mixer +—
2
2
-No PLL .
. . cle 1x10
-Fast with high sensitivity 0 50 100 150 200 250 300 35
-Worst-case sweeping time is 20 ps Sweeping Resolution (MHz)

with 80 pA injection current!
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System-Level Research—Main Radio

- Main radio architecture T

4-path Rx

/ Self-demodulation:
? _,~i Phase i
?‘ Phase ! Comp
Shifter i
\@"e ' 2 |
N-path ;
\U“ T
4-path Tx o — / ~—

Shifter
Phase
LOl@_' Shifter | %

| :
Shaped On-Off-Keying data - N-path
and gain control : -No PLL

Phase ‘
LOn Shifter

_T -Fast start-up
-Relaxed linearity requirement
-Low-power circuits
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System-Level Research—Power Budget

* Average power
1000

100

10

Average Power Consumption (uW)

0.1 1 10 100 1000
Average Data Load (Gb/day)

Average power consumption of the entire wireless wire FE is
about 20 yW with 10 Gb/day overall data amount!
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Circuits and Measurement Results

|IJLO Measurement

RF+ Voo RF-

50 Q SW- A A

CPW TL<\ 95pH
1 1
—F L1 ey, s
2um*4/60nm VTUNE V_BUF i'., Fo
—VD“t_J:K}— 2um*4/60nm  \TuNER 0 :
LO | Varactors . LO- -
* —— —t OUT+ ouT
lgias ]D*C
| © 2urm8/60nm 73 to 83 GHz
! Locking range: 10 GHz
F——7—,, 2um*32/180nm
P, -10 dBm
I Poc: 9 mW
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Circuits and Measurement Results

e |IJLO Measurement o et 7255 768

Eut Mix 31.16 dBm
Harm
1] Lowa
14

84 a8/ | 1 f ]l ) ] ] EstRef

:
\

o |
= i ,
g . /] Marker bl
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P
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w 7h 33 RO
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Mkrl 73.334 3 GHz Mkrl 73.334 3 GHz
Ret -22.13 dBm Ext Mix Ext PG -0.37 dB -56.47 dBm Ref -22.13 dBm Ext Mix Ext PG —0.37 dB -33.68 dBm
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Log Log
5 5
dB/ Ext Ref dB/ J Ext Ref
Center ‘Marker
73.39852668 GHz | | 73.394300000 GH=
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Free-running spectrum Locked spectrum (under -60 dBm injection)
-Power is concentrated in a narrower spectrum range. TU/ Technische Universiteit
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Circuits and Measurement Results

* WURX Measurement

Counter - DAC ON/OFF
I | Control
RE+ Voo RE- Frequency Reference shared with Tx
50 Q SW- o T 22208
CPWTL Vbp

64 Steps
Control voltages

1T ll = 1E
‘” v | v | W [ v }‘
/ Vrune

out
gl h L1 RF1+ —{ 1 o, — % —
One step refers to / Varactors E—‘—Ej R ]

AL

150 MHz changing I I - -
in center frequency
<, S
&)'Bms ] E **‘E ]h
RF1- o—|:|J ‘
——G —— ~
Extra phase should be pre-
| calibrated by using a phase shifter
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Circuits and Measurement Results

* WURX Measurement

1.0 - =
1MM““M 1(9.932us, 988.2mv) - |
75
MO(18.76ns, 0.0) ;ff
= ]
=
25+ a
0_ I.I-I T II- T III
0 5.0 10.0 15.0 20.0
tirme {us
T e e e e B B B o B B B S
M1 673us, 674.5mv)
700
MO(6.516us, 658.8m)_ | e
6754 N b
6501
625 —————————
6004
5754
T T T T T
6.0 6.25 6.5 6.75 7.0
time (us)
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Passive mixer
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Circuits and Measurement Results

 WURX Measurement

Esf # dBm Atten 18 4B 52158 dBm
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Circuits and Measurement Results

* WURX Measurement

Technology TSMC 65-nm CMOS
Frequency (GHz) 70.86 to 79.29
Bandwidth (GHz) 8.43

Power consumption (mW) | 10.2

Conversion gain (dB) 10

IIP3 (dBm) -14.75

Sensitivity (dBm) -60

LO-RF isolation (dB) 20

Effective die size (mm?) 0.072

Energy per bit (pJ/bit) 10.2

Technische Universiteit
Eindhoven
PAGE 23 University of Technology



 Applications and Objectives

e System-Level Research

e Circuits and Measurement Results
* Conclusions

Techn h Un
TU i dh
PAGE 24 ty of Technology



Circuits and Measurement Results

« Achievements so far

4-path Rx

System-level Y

1IJLO Y (10 mw) Y

Mixer Y Y

WuURX Y (10 mW) Y

LNA Y (10 mW) N

Phase shifter Y (10 mW) N
N

Y (90 mW peak power)
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Circuits and Measurement Results

* Next steps

LNA

Phase Shifter

RXx

TL

Z| 2| 2| 2

Tx (PA)

Wireless charging

(another project)

Prototype

z|l z| z| <| <| x| <
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Conclusions

* A wireless wire communication system is
designed and optimized.

« 200 pJd/bit E,;; and 20 pW average power are
obtained at 1 Gbps through the cross-layer
optimizations.

* Low-power IJLO and WuRXx are designed,
Implemented and tested, which match the
theories quite well.

« Other key RF modules of the Rx are designed
and optimized in the circuit-level.
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Thank yout
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