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A Lot of New Names for Future Broadband
Communication Systems

(J The Names
|solator
= Software Defined Radios 3 ADC
= Multi-Standard Radios Dica
oy . gital

= Cognitive Radios DAG L | Processing
= Universal Radios

Power

amplifier

d Common Features

= Very wideband systems, multiband channels, opportunistic
frequency allocation, bandwidth reuse, intensely digital,
scalable/reconfigurable RF/analog.

O Challenges

= Conflicting requirements, large bandwidth/dynamic range but
still want low power/small area.
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Receiver Topologies
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The Receliver Design Problem in Broadband

Communications
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Dig. Filter

= How much RF processing do | do before the ADC?
= How do | take advantage of technology scaling in this RF pre-procesing?
= How do | make the front-end scalable and configurable to fit multiple standards?
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Conventional Recelvers

» Superheterodyne Receiver

» Single Conversion Receiver

» Upconversion

» Dual Conversion

» Image-Reject Receiver (Complex 1&Q mixing)

» Direct Conversion Receiver
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Image Rejection

.y Fennny

» In high-IF RF receivers, RF frr DC fre
LC or SAW filters are used to I , I
suppress the image before the RF — JfL >09— IF T oC >
down-conversion. Larger IFs JO |
are preferable to relax the filter —fmﬁ:‘—
Q factor. o

Fig. 1. Conventional receiver with RF image filter.
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Fig. 2. Direct-conversion receiver.

Supisa Lerstaveesin, and Bang-Sup Song: "A Complex Image Rejection Circuit With Sign Detection Only,” IEEE JOURNAL OF
SOLID-STATE CIRCUITS, VOL. 41, NO. 12, DECEMBER 2006
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Image Rejection Ratio

» The identities

cos(x)cos(y) = 1 [cos(x— y) + cos(x+ y)]
I, = Bcos(m, ,t) 2

Q.0 = Asin(o, 1) cos(sin(y) = [sin(x+ ) sin(x-y)]
Xgp = cos((oRFt)

I o% Xpp = %[cos((coRF + (oLO)t)+ cos(((oRF — (oLO)t)]L%cos((oIFt) - gcos((omr)+ %cos(wm‘r)

Qo Xgp = %[sin(((oRF + (oLO)t)— sin((coRF — (oLO)t)]i) —%sin(wlFt)g—m>%c0s(mlFt) T

O =0pr— 0
XiMAGE = cos(((’)Lo_ O‘)IF)t)

B B B A
ILO* XiMAGE = E [COS(((DLO_ Op+0O, ) t)+ COS(((OLO —Op— (”Lo)t)]&)icos(wmt) — ECOS(&)IFt)_ ?COS((DIFt)

A A 0 A
QLO* XiMAGE = ? [Sin(((’)Lo — O+ (”Lo)t)_ Sin((mLo —Op— (”Lo)t)]&) ?Sin(mIFt)L) - ?cos(mmt) T

RR =[A+B} =[1+B/A} =[1+(1+s)} 4
#" | A-B 1-B/A 1-(1+¢)| ¢’
IRR ... =1+4%(cotAd)’ = 1 -
(A9) > 0.1% gain error and 1° phase error leads to
4 IRR of about 41 dB.

R,y®
total (A(I))Z +82

The design of CMOS Radio-Frequency Integrated Circuits, Thomas H. Lee.
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Image Rejection Ratio

» HW # 4: Find the IRR for the case the input comes with a quadrature

component as well,i.e., x =1, COS(CORFt)+ Q, Sin(CORFt) and a direct zero-
IF receiver is used.
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Basic Equations of Image Rejection

» Gain mismatch a and phase mismatch 6 :

N £ ﬁ
I'= l+2)m&.[mt+2}

(
_ (1 Lo {EJE-:H!_%:I 4 p—ilwi+E) } 0
(

2

(wt=8) _ pmiluwt—5)

Then, assuming cy and @ are small, the non-ideal complex signal
I" + j¢) and the non-ideal complex image [' — j¢) can be
approximated using Tavlor series.

I+ Q) ~ et (—“?E}) gt (3)
I'—jQ' = (“ ;-‘”‘*) et 4 gk, 4)

Supisa Lerstaveesin, and Bang-Sup Song: "A Complex Image Rejection Circuit With Sign Detection Only,” IEEE JOURNAL OF
SOLID-STATE CIRCUITS, VOL. 41, NO. 12, DECEMBER 2006
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Matrix Formulation

Mon-|deal Image
Channel Rejecter

Fig. 5. Proposed image rejection concept.

» Matrix formulation of the non-ideal » Matrix formulation of the non-
mixing : idealities correction :

G- A el-[ anlle]

Supisa Lerstaveesin, and Bang-Sup Song: "A Complex Image Rejection Circuit With Sign Detection Only,” IEEE JOURNAL OF
SOLID-STATE CIRCUITS, VOL. 41, NO. 12, DECEMBER 2006
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LMS algorithm for the estimation of a and 6

&'k + 1] = '[k] + pasgn[LPF{sgn({ + Q)
-sgn(l — Q)}]
[k + 1] = 0'[k] — pesgn[LPF {sgn(I) - sgn(Q)}]

a2 a2
LPF(IZ o QZ) — (1 +2i) _ (1 2) ~~ (1.

LPF(IQ) = —# (1 _2 %)

220 jiterations needed!!

» Fully-digital implementation

...................

! Image Rejecter .

i i 1-o/2 |

...................

-Q) >
% | ~_[20b CZ sgn(
uib UiD “sgn(1+Q) >
sgn(1Q)
sgn(l) MSB
9b 20b ‘
o & €

Error Detector

Fig. 12. Image rejection system.

Supisa Lerstaveesin, and Bang-Sup Song: "A Complex Image Rejection Circuit With Sign Detection Only,” IEEE JOURNAL OF

SOLID-STATE CIRCUITS, VOL. 41, NO. 12, DECEMBER 2006
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Analog Implementation

C 1250 C DQC

el el ¢ :: '
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EE Fig. 14. Nine-bit trim capacitor.
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Fig. 13. (a) Complex baseband S/H. (b) Gain-boosted telescopic cascoded op- ¢L‘°| F"¢L
erational amplifier.
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Digital Sign Detectors and Test Circuit

Fig. 17. Chip die photo.

Fig. 15. (a) Analog comparator. (b) Preamplifier. (c) Latch.

Supisa Lerstaveesin, and Bang-Sup Song: "A Complex Image Rejection Circuit With Sign Detection Only,” IEEE JOURNAL OF
SOLID-STATE CIRCUITS, VOL. 41, NO. 12, DECEMBER 2006
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Supisa Lerstaveesin, and Bang-Sup Song: "A Complex Image Rejection Circuit With Sign Detection Only,” IEEE JOURNAL OF

256 QAM Spectra Before and After
Image Rejection
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Fig. 18, Measured 256-0QAM spectra before and after image rejection.

SOLID-STATE CIRCUITS, VOL. 41, NO. 12, DECEMBER 2006
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256 QAM Constellation Before and
After Image Rejection

Before, IRR=26dB
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Fig. 19. Effect of ADC resolution on IRR for 256-0AM.

Supisa Lerstaveesin, and Bang-Sup Song: "A Complex Image Rejection Circuit With Sign Detection Only,” IEEE JOURNAL OF
SOLID-STATE CIRCUITS, VOL. 41, NO. 12, DECEMBER 2006
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Effect of IRR on Error Probability

3 i}

0 ' ' - 10
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E 0 IRR=60dB E °l  IRR=60dB
- L

AZ0 64-QAM a0 256-QAM

10 20 25 a0 35 40 10 20 P =3 = -
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Fig. 22, Effect of IRR on error probability of 64-QAM and 256-QAM.

Supisa Lerstaveesin, and Bang-Sup Song: "A Complex Image Rejection Circuit With Sign Detection Only,” IEEE JOURNAL OF
SOLID-STATE CIRCUITS, VOL. 41, NO. 12, DECEMBER 2006
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Non-linearities
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Improvement of Mixer Nonlinearities
(IIP2) for Active Mixers

P ——— P - O

Receiver IC '
=%—- LPF i ADC [

2110-2170MHz -1.5dB
T 1920-1980MHz -51dB
Duplexer

Tx Signal S S S s

pEay

SAW
2110-2170MHz -2.5dB
1920~1980MHz -30dB

Baseband

LNA
- LPF ﬂ 5—‘% ADC |—»
i To

Baseband

Fig. 1. Simplified block diagram of a direct-conversion WCDMA recerver.

» Detailed circuit analysis of nonlinearities in diff pairs and doubled balanced mixers.

» The proposed approach is analog,; trimming of current bias.

Liwei Sheng; Larson, L.E.;”An Si-SiGe BiCMOS direct-conversion mixer with second-order and third-order nonlinearity
cancellation for WCDMA applications,” Microwave Theory and Techniques, |IEEE Transactions on Volume 51, |ssue
11, Nov. 2003 Page(s):2211 - 2220
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Improvement of Mixer Nonlinearities
(IIP2) for Active Mixers
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TR [ P e e S
C

{} rmt

1 } v [0 Bias
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Fig. 8. Proposed even-order distortion cancellation scheme of the double-balanced mixer.

» Uses PN sequences and correlation to estimate the nonlinearities. The LO bias is
tuned to minimize distortion.

Liwei Sheng; Larson, L.E.;”An Si-SiGe BiCMOS direct-conversion mixer with second-order and third-order nonlinearity
cancellation for WCDMA applications,” Microwave Theory and Techniques, |IEEE Transactions on Volume 51, |ssue
11, Nov. 2003 Page(s):2211 - 2220
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Some of the New Approaches to Broadband
Receivers

J A high-frequency software defined radio
N. C. Davies, “A high performance HF software radio,” in Proc. 8" Int. Conf. HF Radio Systems and Techniques,
Guildford, U.K., 2000, pp. 249-256.

 Frequency channelizers

D. R. Zahirniak, D. L. Sharpin, and T. W. Fields, “A hardware-efficient, multirate, digital channelized receiver
architecture,” IEEE Trans. Aerosp. Electron. Syst., vol. 34, no. 1, pp. 137-152, Jan. 1998.

[ Selectable RF filters and downconversion

H. Yoshida, T. Kato, T. Tomizawa, S. Otaka, and H. Tsurumi, “Multimode software defined radio receiver using direct
conversion and low-IF principle: Implementation and evaluation,” Electr. Commun. In Japan (Part |: Communications),
vol. 86, pp. 55-65, 2003.

J Subsampling and undersampling

[ Analog decimation

D. Jakonis, K. Folkesson, J. Dabrowski, P. Eriksson, and C. Svensson, “A 2.4-GHz RF sampling receiver front-end in
0.18-mCMOS,” IEEE J. Solid-State Circuits, vol. 40, no. 6, pp. 1265-1277, Jun. 2005.
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Some of the New Approaches to Broadband

Receivers (cont...)
O Sampling with built-in anti-aliasing

Y. S. Poberezhskiy and G. Y. Poberezhskiy, “Sampling and signal reconstruction circuits performing internal antialiasing
filtering and their influence on the design of digital receivers and transmitters,” IEEE Trans. Circuits Syst. I, vol. 51,
no. 1, pp. 118-129, Jan. 2004.

 Sample rate, downsampling and filtering
R. Crochiere and L. Rabiner, Multirate Digital Signal Processing. Englewood Cliffs, NJ: Prentice Hall, 1983.

A discrete-time RF sampling receiver

R. B. Staszewski, et. al. “All-digital TX frequency synthesizer and discrete-time receiver for Bluetooth radio in 130-nm
CMOS,” IEEE J. Solid-State Circuits, vol. 39, no. 12, pp. 2278-2291, Dec. 2004.

EI UCLA SDR receiver

Bagheri, R.; Mirzaei, A.; Heidari, M.E.; Chehrazi, S.; Minjae Lee; Mikhemar, M.;Tang, W.K.; Abidi, A.A.; Software-
defined radlo receiver: dream to reallty, Communications Magazine, |IEEE, Volume 44, Issue 8, Aug 2006
Page(s):111 - 118

»  Abidi, “The path to software-defined radio receiver”, IEEE JSSC, May 2007

 Frequency-domain-sampling receivers

» S. Hoyos, B. M. Sadler, and G. R. Arce, “Broadband Multicarrier Communications Receiver Based on Analog
to Digital Conversion in the Frequency Domain,” IEEE Transactions on Wireless Communications, March 2006.

» S. Hoyos and B. M. Sadler, “Ultra-wideband analog to digital conversion via signal expansion,” IEEE
Transactions on Vehicular Technology, Vol. 54, No. 5, Sept. 2006, Pages: 1609-1622. Invited

» S. Hoyos, B. M. Sadler “UWB Mixed-Signal Transform-Domain Direct-Sequence Receiver,” Accepted for
publication in IEEE Transactions on Wireless Communications, 2007.

Spring 2009 S. Hoyos - Advanced Mixed-Signal Interfaces
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Sampling with built-in anti-aliasing

j. Ts _Ts
[ ) -l—-|--| —— -
u}(:) 1 u(n T.'s') |n(t o(n) / P
O . ,4%7?7 .
— I . |Mx—=>{AD > ()T, \/ t
. . T 0, v {n)\o””
> [ | CT L [+ 1,
L t—I'ITS t
ene TH (a)
— Control Windowed Integration Filt
WF G < (:::nt dB n UWERegpi%;ae on rilter
DSP
B=Att"nfs
] . . ] ] ] ] Wanted
= Sinc(x) anti-aliasing provided by windowing en.
and integration. The sidelobes decay at 20 ‘ ‘ >
dB/decade with zeros at fs, 2fs, .. ()

= More general mixing waveforms can be
used, although complexity goes up.

Y. S. Poberezhskiy and G. Y. Poberezhskiy, “Sampling and signal reconstruction circuits performing internal antialiasing filtering and
their influence on the design of digital receivers and transmitters,” IEEE Trans. Circuits Syst. I, vol. 51, no. 1, pp. 118-129, Jan. 2004.
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A simple integrator

5. o
iRFi I F¢
Rl

LO LO* LO*
o YL © UL Loy

C. cr oo
(a) v by VY Vv

- Assume a low noise transconductance amplifier
- LO=2.4 GHz
- Pseudo-differential architecture (b) is preferable.

- This is just mixing followed by integration which provides down-conversion and
filtering in a single stage.

- How do you read the voltage out of the caps?

Spring 2009 S. Hoyos - Advanced Mixed-Signal Interfaces 22



Cyclic Read-Out

- Cyclic change and discharge of
caps. every N cycles.

- This can be modeled as a moving
average

N -1
W = Ui
1=0

- If modeled as MA, the filter has a
sinc frequency response whose
lobes width and nulls positions
depend on N.

Voltage gain [dB]

20

10

L
o [=]

|
N
o

_40
0

« >
Lou [ M0
LOg il

|
ML AL

Frequency response of the temporal MA filters

T
- - -MA7 @RF
—MA8 @RF

—MA9 @RF

i ]
200 400 600 800
Frequency [MHz]
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High-Rate |IR Filtering

- History capacitor C,, added iﬂ,@ I
- LNTA sees constant capacitance C LO
: s a9
-Let a,=C,/(C+Cp) o MU :
- At switching time, C,, retains a, S SA [I SAZ
portion of its total charge and shares se| 1] _| _{ |:

(1-a,) to the discharged Cy cap. At
sampling time |, the system charge s;is: -

CH = |Cr=
SJ=a1SJ-1+WJ v= a1Cs v“ a1)Csv(1'a1)Cs
-The output charge x; is
1 f 1 f C
. . . . f —_— 0 1— — 0 R
This is a IIR filter with sampling 175N (1-a) 27 N C, +C,

frequency of f,/N and single pole at

Spring 2009 S. Hoyos - Advanced Mixed-Signal Interfaces 24



Example

Frequency response of the temporal MAS8, IIR-1 and spatial MA4 filters

- CR= 0.5pF, CH=15.425pF, 50 ! ! | | |
— | | -—— MA8 @RF
a1=0.9686 wl AU TR - - -IIR @RF/8: a,=-0.9686 il
- fo/N=2.4GHz/4=300MHz : : —— composite after MA4 @RF/32
30 ' | |
-Additional zeros with M=4
5 20
£ 10
Additional IIR filtering S
during read-out process -10m
can also be introduced ool B TER ¥ A
30 Fo -
40

200 400 600 800 1000 1200
Frequency [MHz]
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Adding more zeros to the FIR

@@
=l

o

g
T

- Redundant switched caps.
Introduce more zeros in the
transfer function when adding up
their charges during read out:

M -1
Y = Z U
1-0

-lllustrated is the case with M=4

Sig [1
Rs |

Spring 2009 S. Hoyos - Advanced Mixed-Signal Interfaces
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A discrete-time RF sampling receiver

300 MS/s 75 MS/s 37.5 MS/s
______________________________ | r__;-s_______-__l
FILTER : si
wrsine > | b"‘ I FILTEFI_’@" ADC Jl""
I
T T ----- * ----------- AGC --f---
LK DIGITAL
» PCU »|RECEIVE}-) BITS
} CHAIN
--------- arer] oo S b ol ool . L]
IR/SING | ! FILTEH_’@" ADC >
1
________ N -/ ___ !
AGC TAADC

= Bluetooth and GSM receivers from Tl use integrate and dump sampling
followed by down sampling and filtering.

= Programable filtering and decimation to achieve the anti-aliasing needed.

R. B. Staszewski, et. al. “All-digital TX frequency synthesizer and discrete-time receiver for Bluetooth radio in 130-nm CMOS,
” IEEE J. Solid-State Circuits, vol. 39, no. 12, pp. 2278-2291, Dec. 2004.

Spring 2009 S. Hoyos - Advanced Mixed-Signal Interfaces

27



UCLA SDR receiver

L Reeoie e | yodem

P
A\ | 40‘»«/" N\ 'H\*d 1 bt —<: AhF

Wide tuni
|I.C$ uning hcs JLK

|
/ Y ' '
"5 N e H O H bt b [ b

_,r"JProg. Sampler, Decimation Filter, VGA

= Direct conversion with tunable LO in the freq. range 800 MHz to 6 GHz.

= Cascade of sincN filters followed by decimation to achieve the initializing
needed.

= Good for narrowband signals as a single ADC can handle the bandwidth. But
SDR should also be good for wideband and ultra-wideband signals. Need parallel
ADC to sample at a fraction of Nyquist rate. Parallelization of the front-end will be
needed if want to keep the ADC sampling rate down.

A. Abidi, “The path to software-defined radio receiver”, IEEE JSSC, May 2007
Spring 2009 S. Hoyos - Advanced Mixed-Signal Interfaces
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SDR for narrowband, wideband and
ultra-wideband signals

= Assume we have a tunable front-end that provides the
downconversion and the antialiasing filtering needed for a wide range
of standards.

= The problem now is that the signal bandwidth will have > 10X range.
Example : 802.11g (A ADC @ 50 Ms/s and 8 bits), UWB (ADC @ 500
Ms/s and 5 bits). Say you can run the 2A ADC @ 100Ms/s and 5 bits,
i.e. exchange OSR by DR). Can we use 5 of these 2A ADCs to cope
with UWB ?

= Note that the same 2A ADC could operate @ 200 KHz and 14 bits for
GSM and @ 1MHz and 12 bits for Bluetooth.

= How do you parallelize the ADCs and even the RF front-end to create
a SDR for narrowband, wideband and ultra-wideband signals?

Spring 2009 S. Hoyos - Advanced Mixed-Signal Interfaces 29



Motivation

Digital intensive RF receivers -> ADCs with wide bandwidths and large dynamic range.
Solution ? -> Parallelization

Parallelized ADCs

Time-interleaved ADC Filter-bank ADC
) > F B
—>| SHA = chlk/ N ) Dout 1 chlk/N ® g Dot
L = 0 —_ . . - 1S 21—
Vin (@] ~ V. (/9)) c
I |z = " 8
— [0
fo A/D,, = % A/D, = o
F
) /N § T fo/N
Interleaved A/D Array Filter-Bank A/D Array
Drawbacks Drawbacks
LSHA has stringent tracking bandwidth requirements UFilters with very tough specs (aliasing)
UEach ADC sees full input signal bandwidth (non- QSignal reconstruction increases
linearity and aliasing) complexity

Spring 2009 S. Hoyos - Advanced Mixed-Signal Interfaces 30



Parallel-Path Sampling

r(t) (m+1) Tc
()dt [~ ADC :} RO

Py mTc

° e—j27zF0t

(m+1) Tc
j ()dt [~ ADC :} Ry 1

mTc

e—j 2 FN—lt

Salient Features

Q Simple mixers and integrators in the front end

a Windowed integration provides inherent anti-
aliasing. Relaxed Filter design.

O Relaxed sample and hold requirements

0 No signal reconstruction. Direct digital processing Drawback
of Frequency samples. 0 Area overhead associated with
0 Relaxed ADC design with lower speeds parallelization

Spring 2009 S. Hoyos - Advanced Mixed-Signal Interfaces 31



Parallel-Path Receiver Architecture

m =0to M, M - no. of segments

Tc - Actual integration time

Ve

Mixing and Integration
N\

r

mTs +Tc

\

Ts - Integration time — Overlap

time

| \
Fy—-landQ

Windowed

Integration

Basis Co-efficients

”f ,’I

Digital Post Processing
v

= Y Yn

Sinc filter

Recovered Symbols

Inherent anti-aliasing

[Ref] P. K. Prakasam, M. Kulkarni, X. Chen, Z. Yu, S. Hoyos, J.,Silva-Martinez and E. Sanchez-
Sinencio, " Applications of Multi-Path Transform-Domain Charge-Sampling Wideband Receivers", IEEE
Transactions on Circuits and Systems Il, pp309-313, Vol. 55,Issue 4, April 2008.

Spring 2009
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Circuit Implementation of the Gm Stage

lout

Vin m
g y / 4kTgm
R <> 4KT/R
Y

V_pp=1V

1. High Linear Gm stage

Q Flicker noise is removed by the degeneration resistor
a [IP3 is boost to almost 30 dBm

Q Large Vdd is required.

Q

S. Hoyos - Advanced Mixed-Signal Interfaces
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Circuit Implementation of the Gm Stage

2. Noise Cancelling Gm stage

Q Noise of the first stage is eliminated
0O Gain is boosted
Q Noise Figure is improved

a) b)
Vdd
Bias
Vdd
Bias
Ml;l:ll—(j
QD r—————=—= 1 Lo I MP3 l— C3 R1
I Thesecond | y out- C5 i
| dage | ‘ —W—— - — ‘
R Y | | Cl
SR l | } [ N: MN]:“ —l
_Rg < | | [nputH ¢ Input-
Vin_ , Il—:Ml | Output .
| | R3
I I
A |
I I
| £ —t

Bias

[Ref] X. Chen, J.,Silva-Martinez and S. Hoyos, " A CMOS differential noise cancelling low noise transconductance amplifier ",

Circuits and Systems Workshop: System-on-Chip - Design, Applications, Integration, and Software, page(s): 1-4, 2008 |IEEE
Dallas
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Circuit Implementation of the Mixer

Double Balanced Passive Mixer

Q Minimum signal and clock feed-through
O Even order harmonics are cancelled
O Almost noise free

IOUT+
IIN+ EL
BE
v L
| —
IN- A lour-

Spring 2009 S. Hoyos - Advanced Mixed-Signal Interfaces

35



Charge Sampling

Te
AN >
2, B, o
1
sample dizch
@1r
sample dizch
- - @2r

d Windowed integration of |. . on
C1and C2

O Inherent anti-aliasing sinc filter

Magnitude (dB)

1/Tc 2/Tc 3/Tc
Frequency
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Overlap in windows

| X
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Magnitude (dB)
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1 Path Circuit

Shooting for 10 bits 2.5 Gs/s ADC

O High linear Gm stage to accommodate fullscale input

O Overlapping windowing

d 200 Ms/s path sampling rate ¢ plotels
0 55 dB SNDR | |
e i
: .__G\,,] Co
Bl c,

T i g C .oz \
D(2) % é
¢7‘ﬂe‘!‘

The whole front-end: 10 path ( 5 lo frequencies 1/Q )
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Chip Layout

O Area: 2.5mm*2.5mm
O Core Power: 320 mW
0 64 mW/Path(land Q)

Overall Power consumption
of the ADC:
320 mW + N * P_path,adc

45 nm (TI technology)

|
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b
i3
E
4
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System level iIssues of FD receiver

Noise Amplification

O Out-of-band noise folds back creating
dips in performance

Q Overlap improves the filter

Q Overlap results in over-sampling which
reduces aliasing.

Q Additional carriers can be detected.

Effect of Jitter

Q Jitter sources: LO signal, Sampling clocks

Q Jitter from LO signal dominant

Q Filter mitigates noise from LO jitter.

Q Long integration windows reduces jitter
from sampling clocks.

130 70
LDl e bbb e e e LR R R R R R R R,
L LR R R R BO - e o
100 e e LR LR LR
m 50 o B0 W g e
=2 h=)
s 80 D%f S AR R SRR,
& 70 D3 AD | rrrrrrmr e g
B0 L . SR
1 30 =——iill=|itter only in LO signals L CREREEES
AQ L — Without overlap and no additional carriers| ... . o5 H : j?ger pnly N s|§n1pI:|1gkclockdsLO i sl
s \f\ith overlap and additional carriers - fer Ih sampring cfocks an Sigha’s
% 12 14 16 18 2 107" 1077 107"
Carrier Frequency (Hz) . 1':]:' Standard Deviation of jitter () (sec)
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Least Squares Data Estimation

Input symbols d=[a;(0),a,(0),a,(1),a,(1),...a;(S—1),a,(5)]
modulated on carriers

i - T
Output sampled basis 7= |Roo, Roi...Ron—1,Ri0,Ri1,... Ry—1n-1]
coefficients

Entire system represented as a linear transformation from data symbols (a) to output
samples of multi-path receiver (r)

G-a=7r
Least Squares (LS) solution for the system -> [ — (GH G) —1 GH
Estimate Equation -> a=H- 7r

Need for Calibration ?

> H is sensitive to mismatches, offsets and imperfections in the system

» H must match the circuit implementation accurately for good SNR
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Mismatches in the system

(only one path is shown)

‘/" """"""""""""""""""" N V g R
| Modulator _ REY | |
L Wireless : i
el IFFT ) Channel . -
! ! : :
1 . 1 1
i fOffset in the LO . i Gain and phase i i
| ;ﬁg?ggg%:: transmitter LO i mismatch for each I Gain and Phase mismatch ]
i 1 carrier. Flat gain model i between multiple channels due !
\Multi-carrier signal Transmitter } is used forchannel. | to process variationsand |
I‘ environment conditions. ;
pmTEEEEEEEEEEEEEEEEEEEEEEEEEEEEETS ~ N e e e e e ,’

/ Charge samplin \
Sampling ] 9 pling i T e e s ~
clocks are | Integrator & Sampler i ! \=
synchronized i ( ) E ' i
H 1 1
with LO i (i) E ! Actual LO i
signals in the : IIF E i signal i
receiver i ! ' =' |deal LO signal !
i N\ yd 1 i i
(—E I | Finite bandwidth ]
Anal ] 1 1 i i of circuits alters LO Phase offset |
nalog i -T" -T" -T" ! | 1 LO waveform inLO !
samples ! 47 i 'IF1 shape signals :
A% vV i !
1 1
i Mismatches in capacitors E ' ]
I introduces gain error and i '\\ /
\ d , N o o e S S S - /I

istortion. /
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Complete System Calibration

Multi-carrier signal
Receiver

Multi-carrier signal

{
1
1
i
i Transmitter
i a :s
i
1
1
9

Modulator

127 (f,+AR)T

éLO T ;

Wireless
Channel

a=(G"G)'G"

Q

a

Estimated Data

F
T
-

Forward Problem calibration

[ &

A
G 'aref <:I
4 —
( aref
9(}:?

G
a

(——
=

( corrected

a

o |=:>E?<:=I

o
=l

F

——

Reverse Problem calibration

4 =@ et
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Multi-channel

FD Receiver

LNA + Gm stage
+

Charge sampling circuit

r
<: Generate <::
G matrix

ref
correction

”:

—

—j2z AR (L-)T

AV

Frequency
estimator




LMS Calibration

Initialization of G matrix G-d=7r

Input-> al a2 a3....aS Output > rl r2 r3....rS
al->[1000...0]"7 r1 forms 1st row of G matrix
a2->[0100...0]T r2 forms 2" row of G matrix
a3->[0010...0]T r3 forms 3 row of G matrix
aS->[0000...1]" rS forms St row of G matrix

LMS calibration

Two methods:

1.Forward Problem Calibration 2. Reverse Problem Calibration
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Forward Problem Calibration

Forward
/. N\ ¢ Problem
é:(GHG)‘lGHFr ] = G G-a=r+
a\ ﬂ r <: (/ ref é <_| a ref
Estimated Data i ref
9 ' LGB@ r /<:' I (samples from receiver)
Forward Problem update G(L +1) = G(L) + f?:(L); a
equation fall®
Reverse Problem Calibration Reverse
4 \<:| Problem
aref=>69<:§<: H'F<=f G &:HT_"
Zz —
&0 —a
_ HeAy -1~ H R
\ i =16 &) € /<:' I (samples from receiver)
Reverse Problem update H(L +1)= H(L) + E“-(L);‘ "
equation [ 7]
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Simulations

Mean squared error convergence

1. With arbitrary H matrix 2. With H matrix initialized from ‘r’ vector
0 ~70
=10
20+ e |
o -30f &5
= S -80r 1
2 40t 5
E =501 -_aG_J -85} -
3'{ 60 %
$ _mof g ~90r 1
_80_
-g5tL
_90_
05 1 15 2 25 3 35 4 45 5 ~100, o7 | 7 ; o 3
Number of blocks x10° Number of blocks x 10%
Very slow convergence Fast convergence
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Simulations

SNDR post calibration Input SNR = 100 dB
Frequency offset in carriers is not included

1. With arbitrary H matrix 2. With H matrix initialized from ‘r’ vector
120 - 120 -
15+ et
110 110k
105} 105}

8 .

5 . ‘“W WA “V“” ik 2 MWWV ANV A A
95 a5+
90 ap b
85 a5

a0 : : : : g ' ' ! ' : a0 . ' : : :

.1t 12 13 14 15 16 17 18 19 2 1 1.2 1.4 16 1.8 p

Carrier Frequency (Hz) % 10° Carrier Frequency (Hz) v 10°

All static mismatches are calibrated in both cases.
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Frequency offset Estimation

The sampled basis coefficients in block L,

md s+ 1T+ AT
Rm,mL == / €Iy, (f) (I); (f)df

nTs+AT
where,
o,(t) = e I2TfLo(n)t+dro(n)] ~1e JB-2nfro(n)t +3 - ¢po(n)] |
=316 - 2m fro(n)t + 5 - dro(n)] .. LO signal

F(s) = F.(s) + AF,

Frequency offset in carriers
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Frequency offset Estimation

T Gain and phase
After a few steps of simplification, I

g mismatch in nt" channel
2 AR(L =0T [MT 4 e
Ryng = e Jale A€’ X Term inside integral is independent of

m1's s=1 L
[a-s é—s) SRTE(8)t + 0u(s) + 27F,(s) AT — 27 fro(n)t + dpo(n))
L 9a(8) 27 F,(s)t+ ¢c(s) + 27 F.(s)AT — 27 fro(n)t + ¢ro(n)]] 4
2j

. 13 2rjAFT , G
If R-:rn,-n,,L- — Qo eJ7m.n then R:rn‘n,L—l—l = =20 % - gJrmn

. . . ) — y L iBm n 17
Including noise in these terms, the samples in Rmr"i» X ,n € + W m,n,L

the Lt and (L+1) block are, Rynpsr = 2™ scq edPmn L W10y

Maximum-Likelihood Estimation of Frequency offset,

= ) Correction to the ‘r’ vector
1 Z I'}n'(Rm_~?1~L+1Rm,n.LJ
N -1 | L= Y. = —i2mAF(L-1)T
AF, = 5 tan — rr (update) = ry, - e °
Z RE(RWJLL‘l'lR;l,?LLJ
L=1 |
b =coo orroro—mr Ixed-Signal Interfaces 49




Simulations

Frequency Offset Estimation — A F.: vs. Number of blocks (L)

11 h2
% 10 Estimate: 8.9 Hz Error: 11% | :El 21} Estimate: 48.9 Hz Error: 2.2 % 1
= ol @ 50f
L:I_lj P - LILI_L] 49F
“.1 E [ #‘I 48 |
T : : : : 47 : : : :
'IDED 100 200 300 400 500 0 100 200 200 400 500
Y 100 Estimate: 95.7 HzError:4.3% | N S00 T Estimate: 476.8 Hz Error: 4.6 %)
- =
S 98 2
||Lj 96 I 0l 48[' I
Lj“l— T_ I._L_L]
T < 460|
92 : : : ' . : ' :
0 100 200 300 400 500 0 100 200 300 400 500
1050 - - - - 5200 - : : :
| | H . . i
T Estimate: 987 .9 Hz Error- 122 % T 5000 Estimate: 4635 Hz Error: 7.3 %
= =
Il
Thy L@ 4600}
=1 <1
4400}
950 . : . . . . . .
0 100 200 300 400 500 0 100 200 300 400 500
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Simulations

80 .

-8 Before Freq offset estimation
[{VISEEEEREEEE - (R mfl After freq offset estimation

-> Frequency offset (Hz)

> About 20 dB improvement in performance with frequency offset estimation.

» Performance limited by the accuracy of the estimate.
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Multi-channel Sinc Filter Bank

\8/\8/

4

A
A
A

ADC

ADC

Charge sampling sinc filter

N—,

From
mixer

1d

’—--------—~

2d

Digital Post Processing

To
ADC

~
‘--------—’

Multi-channel Analog Filter Bank

—

G

G

m
=
o
3

mixer

—--------~

-

\

|~
S

_—

S

m

m

Rf
VAVAVA N

)
D

T4 N
————————————— — e R Y enred Mlxed’al'gl'l'dl' ™ recT e

b4

ADC P>

.,<
> Goc |

Digital Post Processing




Analog Complexity

Sinc Filter Bank

Continuous integrator filter bank

fop=0.44/Ts

fog=1/2mMRC,

DC gain=Gm Ts/C

DC gain = GmR;

Int. noise = KT/C (2GmTs/C) +
KT/C

Int. noise = GmR;.KT/C; + KT/C; +
KT/C,

GBW (op-amp 1,2) >> 1/
2R C

GBW (1,2) > 7/(settling time) (B~1)
(10bits)

GBW (1) >> 1/ 2mR.C,
GBW (2) > 7/(settling time) (B~1)
(10bits)

Example: Assuming Gm = 1mA/V, Ts = 4ns,

DC gain =4, f ;5= 110MHz

For DC gain =4, Rf = 4K
For f,,z= 110MHz, C;= C/3

Noise = 9KT/C

Noise = 13KT/C + KT/C,

GBW (1,2) = 1.75 GHz

GBW (1) = 1.5 GHz (as C, = C/3)

GBW (2) = 3.5 GHz (for settling time =

2ns)
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)

Digital Complexity
o Step1: P =G"7
- r . L
(GHG)LGH 7 Step2: @ = (G"G)

ml s+ 15
Each element in G is given by, G = / p—J2mEe(s)t D, (t)d,f

11

T.
— 327 Fe(s)mT. —j2mFe(s)t
EJTdJmS/ E’J?rd) I:rnn()d:f
0

f.o(n). T, is an integer. So, ©,...(t) is periodic repetition of Po,.(t)

Gm,'.rhs —

T i M—-1N-1
- I . . .
sy T TR D D S
0 | I 1_0 n=0
2mF e (s)mT | e
—i2rFels)md [
€ (-'gs,n E _ E (-23 i} E Rm . :}E"rs*m
F.(s). T, =s/M + integer ! =t m=0
! ]
1 ) - 4
_ o —j2msm/M ! — § Qs.nl’;ﬂ
Gm,ms — € QS.,H : n=>0 |
! =

Complexity of computation of p: 0(4NM logM) + 0(4NS) = 0(4S(logM + N))
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Digital Complexity

H HR)-1
Spar5|ty of (G G) * GHG has only 2N non-zero elements in
+Hov is denoted by X — [ X, . each row
GG Y X =1Xijlses * |Inverse of GHG also has the same
M-1N-1 sparsity.
Xi; = Z Z g2 (imi)m/M QinQ ., Complexity of computation of
m=0 n=0 e GHG -> O(ZN X 2N x ZS) = O(SNZS)
N -1 M—1
~— S S * (GHG)1->0(2N x 2N x 2S) = 0(8N2S)
_ 2y * —i2m(i—g)m/M (
o Z t:t)i-‘ﬂ'(gi.ﬂ Z € Sparsity pattern of (GHG)™
n=>0 m=>0 0 . . .
( N-1 A 5ol
MY QinQ;, (i—jymod M =0
JYLJ; = =0 . ; 100 ff
k 0 otherwise 150l
200
X;; is non-zero only when (i-j) mod M = 0 250}
0 5ID 1[IJD 150 2{I]D 250

nz = 5080
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Digital Complexity

Step 1: p=GH.7 Complexity: 0(4S( logM + N))

Step 2: a = {G’HC}’}_l-ﬁ Complexity: 0(4NS)
Total Complexity of LS estimation : 0(4S(logM + N)) + 0(4NS)
Example: S=128, M=32,N=5 Complexity of FFT: o(4SlogS) = 0(28S)
Complexity of LS estimate,
Sinc filter bank: o(4S(logM + N)) + 0(4NS) = 0(60S)

Analog filter bank: o(4NMS) = 0(640S)
Complexity of estimation during LMS calibration

Forward Problem: Reverse Problem: Example: $=128 M=32,N=5
a= H If . a=H-r Forward Problem:
= (G"G) G7 T \// 0(16N2S) + 0(4S (logM+N)) + 0(4NS) = 0(460S)

MOMN)) 0(4NMS) Reverse Problem:
H/—/ 0(4NMS) = 0(640S)

o(4NS)
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Comparative Study Sinc Filter Bank Analog Filter Bank

Analog Front end Larger capacitors Smaller capacitors
complexity No resistor required. Reset  Resistor required for finite
ensures finite DC gain. DC gain.
Lesser noise Noise is high.

Smaller GBW for op-amps. Larger GBW for op-amps.

Analog Power consumption Less 4 times higher
Digital complexity 0 (4S (N + logM) ) + of o (4NMS )
(Estimation) 4NS) Example: o (640S)

Example: o (60S)

Digital complexity 0(16N2S) + o(4S (logM+N)) + o (4NMS)
(Estimation @ calibration) o(4NS)

Example: 0(460S) Example: o (640S)
Digital power consumption  Low High

Example: About 10% of Example: 10 times more



Multi-Standard reconfigurable FD receiver

’ N
{ Mixer el N | M | Standard Bandwidt Bits
1 output . | h
I |~ WiFi m N | S toapc  Nthorder \l/ I
i WiMax N | Decimation i UWB 500 MHz 5
| UwB | i
: — f-f(\’% > o ADC e anti-aliasing filter ,-{ﬂ\ﬁ : WiMax 25 MHz 7
i : Wi-Fi 20 MHz 8
| Mixing Frequency 1
I et | o w1
N 2 3, 6 : 13 M ! h

. |

I‘ F1 A A (f\ A ! A , o GHz 5\|/Lijl\e/|t:xoth,802 11 b/g ! GSM 200 KHz 14
\ GSM F1 . /
\ F1 WiMax UwB /

o S

)
Anti-aliasing filter
RF &
broadband -
signal Sampler 8 ga -8 P
N e e e e it an @ .8
LNA . m— ::>>
c @ § E
= O
—— D 2 7
Anti-aliasing filter oo 14
&
Sampler
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Source

Modulated signal
(to central unit)

Decentralized TD Sensor Network

Analog samples
(o/p of charge
sampling circuit)

LO signal

Data sampled @
sub-Nyquist rate
by sensor nodes

S1-S4 is
transmitted to
Fusion Center for
processing

hs(t)

X

r, B
r, |:> Least

(s I:> Sq.uares
', I::> Estimator

a

LMS

Calibration

Ref.

si%nal

Transmitter
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