a2 United States Patent

US007053673B1

(10) Patent No.: US 7,053,673 B1

Yuan 45) Date of Patent: May 30, 2006
(54) VERSATILE CHARGE SAMPLING 5414311 A 5/1995 Carley
CIRCUITS 5,698,999 A 12/1997 Etoh et al.
6,157,331 A * 12/2000 Liu et al. ...ccoceeeeeeeeen. 341/118
(75) Inventor: Jiren Yuan, Lund (SE) 6,181,748 B1 * 1/2001 Linetal ......ccccccovenn... 327/126
’ 6,225,837 B1 * 5/2001 Goumaz ........ ... 32791
(73) Assignee: Telefonaktiebolaget L M Ericsson 6,320,459 B1 * 11/2001 McCullough ............... 327/556
(pub)), Stockholm (SE) FOREIGN PATENT DOCUMENTS
(*) Notice: Subject to any disclaimer, the term of this DE 3634637 Al 4/1987
patent is extended or adjusted under 35 EP 0741391 A2 11/1996
U.S.C. 154(b) by 72 days. P 6236698 8/1994
Jp 10163912 6/1998
WO WO 9610827 Al 4/1996
(21) Appl. No.: 09/672,803
" .
(22) Filed:  Sep. 28, 2000 cited by examiner
(30) Foreign Application Priority Data Primary Examiner—My-Trang Nu Ton
(74) Attorney, Agemt, or Firm—Potomac Patent Group
Sep. 28, 1999 (SE) covovvvoereieeeres e 9903532 PLLC
(51) Int. Cl (57) ABSTRACT
G1IC 27/02 (2006.01)
A charge sampling circuit, having a control signal generator
52) US. Cle oot 327/91 or confrolling an analog iput signal to the charge samplin;
(52) f. . ll'g lg'p.'gl hhg plig
(58) Field of Classification Search 327/91, circuit to be integrated by an integrator during a sampling
327/93, 94, 103, 336, 557; 341/122, 123 phase responsive to a sampling signal from the control
See application file for complete search history. signal generator is presented. The current of the analog input
signal is integrated to an integrated charge for producing one
(56) References Cited of a proportional voltage and current sample at a signal
output at the end of the sampling phase.
U.S. PATENT DOCUMENTS
5,281,860 A * 1/1994 Krenik et al. ............... 327/336 30 Claims, 16 Drawing Sheets
[T i
¢ Feesssesscsose-e- ' ' 5
]
{1 SWITCH i2A b
INPUT ; | J/ : 3 :
>
E :. : /6 Formm-e- A v E
iy’ i ‘ H )
' ‘ i INTEGRATOR |
; \ wes | — { i QUIPUT
2B . ELEMENT ; P
-------------- ' [}
{ | SWITCH ! f == P
L] ]
INPUT | ¢ o | W&S | o
e : SIGNAL | P
e : ; b
E leecrcccemgmmmm e ] L
1
] [)
» CLOCK CLOCK RESETTING ‘
) )
' SIGNAL '
CLOCK E :
1
SIGNAL ' T
: :
[) ]
[} )
) ]
) t
1 ]



US 7,053,673 B1

Sheet 1 of 16

May 30, 2006

U.S. Patent

/

Y S
T
' | :
el
e __ V"\
FNLEAGN m
' T
Hir it
: mEm M
bommes ;S _m Zz
N -
ot 32 2
" "mm O
lee) m (7] m
mC L Z
E\ 8
t “

"---:.>-:. \-,
Mg
: 28
& O
<
-
Q
e A

| >_ A A m
......... o
[42]
S
DS
ok
4 2
11,89
AE:
7.2
M.
j43]
W..S
mm
< < MAM ........ - @ W X M o
12 [ 42 £ls
38 B° 25 IS
- &)
— —
: m



U.S. Patent May 30, 2006 Sheet 2 of 16 US 7,053,673 Bl

\.---
wn

INPUT

Neeaes,
\

[
-

.

'

'

'

'

'

1

1

N

|

1

1

'

1

L

.

v

AN
=
5
o
(@]
=

&

£
S

\

i W&S |
> . v SIGNAL | E

CLOCK CLOCK Rﬁsmmc,"\

INPUT /\\/\/\/\/\ AWA)
PO A\

CLOCK 1 2 3 4 o |n| I |
CLOCK 1]l 2L 310« LI

W&S SIGNAL
(CONSTANT)

RESETTING SAMPLING i HOLDING
PHASE PHASE ) PHASE

W&S SIGNAL —J/\‘_‘
(LINEAR)

W&S SIGNAL
(GAUSS)

FIG.2B




US 7,053,673 B1

Sheet 3 of 16

May 30, 2006

U.S. Patent

8

R 4

OuUTPUT

10

DIFFERENTIAL
INTEGRATOR

llllllllllllllllllllllllllllllllllllllllllllllllll

IS 4

9

D-W&S

SIGNAL

SAMPLING

CONTROL SIGNAL GENERATOR
/

SWITCH

2A

2B

SWITCH

2C

SWITCH

CLOCK| |CLOCK

D
SWITCH

FIG.3



U.S. Patent May 30, 2006 Sheet 4 of 16 US 7,053,673 Bl

L 9A w0a 27
INPUT: SWITCH D- DIFFERENTIA E
', W&S INTEGRATOR 5
2B 9B | 10B | OUTPUT
: SWITCH D- DIFFERENTIALL—> >
; W&S INTEGRATOR ;
i | L{ swrrcn . . >
[ . 10X ) { OUTPUT
INPUT | 2D D- DIFFERENTIA 5
5 SWITCH W&S INTEGRATOR 5
: ) ;
RESETTING | |
: ***] | SIGNALS ] !
i CDock oo W&S MULTI-
| CIOCK| [CLOCK | |***|goNaLs Motk |
CLOCK | , SIGNALS| !
SIGNAL! :
—t> CONTROL SIGNAL GENERATOR E

FIG. 4



U.S. Patent May 30, 2006 Sheet 5 of 16 US 7,053,673 Bl

NORMALIZED
AMPLITUDE
f,=DC + : - : + : - ;0
fo=fld g = } + = 0
fmf2 L —F L T~ ‘. L0
dJ . ‘ W
fu= e /;\W/;\\"j :

fin= 2f, \T/: \_% \_/ \v 0
fin= 3fc ; - :\l-/ \i-/i - w V—/; 173
| [

FIG.S



U.S. Patent May 30, 2006 Sheet 6 of 16 US 7,053,673 Bl

NURMALIZED
AMPLITUDE

1

n=10
08}

06
0.4} ]
0.2 l H , ’ll 1
0 1
0 1 2 3 4 5 6 7 8
NORMALIZED FREQUENCY (fi/fc)

io t
(MHz) (MHz)
1000 ;ﬁg- - :

9999 o

1000.1 |

9990 o

1 Cun 0 D
1001.0 o . 3 \ X N\
. /o

9980 ¢

. HAVAAVE :

Note: 1. f.=1000 MHz.
2. Lin solid line and Q in dash line.

FIG. 6B



U.S. Patent May 30, 2006 Sheet 7 of 16 US 7,053,673 Bl

AJAmax (linear scale) A/Apax (linear scale)
1 . . 1
: n=50 n=50
0.8} ; 0.8}
_____________ Afan/fe
0.6} { o8} : 5 =0018
04l {1 o4} 5
-13dB : :
0.2 ; 0.2 7, 5 : !
0 ——-—MML—-—— 0 —
0 0.5 1 1.5 2 0.95 1 1.05
fin/fc finffe
FIG.7A
A/ Amay (linear scale) ' A/ Aoy (linear scale)
1 . . 1
n=500
0.8} 1 o8
0.6 l o6
0.4+t ] 0.4t
0.2} { 02
N G . L
0 0.5 1 15 2 0995 1 1.005
fin/ft: fin/fc

FIG.7B



U.S. Patent May 30, 2006 Sheet 8 of 16 US 7,053,673 Bl

n=50
105 1.1
fin/fe
FIG. 8A
n=500
. -40 : — -
0 05 1 15 2 099 0995 1 1.005 1.01

finffe finl
FIG. 8B



U.S. Patent May 30, 2006 Sheet 9 of 16 US 7,053,673 Bl

A/ Amax (dB) A/ Amax (dB)

0 L ] LS 0 Ll a‘ﬂ« L]
Af;;m,/i%-> n=75 Afygp/fc n=87
=0.025 At/o=3.5 =0.025 At/o=4

=20 4 -20 4
40} ]l a0}
0.5 1 15 2
fin/ fc
Al Apa (dB) A/ Anax (dB)

0 Y y 0 T T
Afsa/fS \"’ n=750 Af;db/fc"”‘_ n=870
=0.0025 At/o=3.5 =0.0025 At/o=4

-20 . =20 ]
40} : 40}
60} | o}
80} 80F
-100 -100
0.9 0.95 1 1.05 1.1 0.9 0.95 1 1.05 1.1
finlfc fin/ fc

FIG. 9B



U.S. Patent May 30, 2006 Sheet 10 of 16 US 7,053,673 Bl

W&S SIGNAL
--3.3V

CLOCK - L __l |_ oV
©-3.3V) %Wo%%ﬂv (CONSTANT)
CLOCK

0-3.3V)

/14
INPUT QAAAMAA , . OUTPUT
(05V) ' 17A:J: 18A |
17B== 18B]|H
meuT ANAAAANA & L T *_ QUTPUT
@0.s5v) VVVVVVVY
------------------------------ --33V
RESETTING
SIGNAL

FI1G. 10



U.S. Patent May 30, 2006 Sheet 11 of 16 US 7,053,673 Bl

(f=1000MHz, 0 -3.3V) we&s --3.3V
SIGNAL 10ns—p
CIIOCK CLOCK L— .
20A_| W08 | 2u/0.8u i 19
INPUT — i M . —
H FﬁZOB 21A J_ZZA 23A i
5 40p 21/0.8u |
(fn=900-1100 2/0.8u E
MHz, +0.5V) i LJ_—L@_C__ 23B ;
_ 1| 2woss oo MELTP T [ 2wo o
INPUT — 1 1 | SuTRoT
5 W08y 2/0.8 E
e e ——m——m—————————————————————— I
RESETTING
FIG. 11A SIGNAL

Afzgy=18MHz

09 0.85 1 1.05 1.1
(GHz)

Note: 1. Ideal curve in solid line.
2. HSPICE simulation in dots.

FIG. 11B



U.S. Patent May 30, 2006 Sheet 12 of 16 US 7,053,673 Bl

(f.=1000MHz, 0 - 33V) wgs
CLOCK CLOCK SIGNAL

G g g OO .
254 _| 10w/0.8n_| 2/0.8u :
INPUT ; 1 Imml P —
: —25B 21A E
Endk I 2wo.8u
(£;,=900-1100 ! 101/0.8u i
MHz, t0.5V) | L 2sc i
: | Towos __zsnl lel_*=l |-—<.2|u/o.3ui
INPUT ” +— QUTPUT
: 10p/0.8  2/0.8p ]
RESETTING
FIG. 12A SIGNAL
AJAma (dB)
0

Af3=21MHz

0.9 0.95 1 1.05 1.1
(GHz)

Note: 1. Ideal curve in solid line.

2. HSPICE simulation in dots.

FIG.12B



U.S. Patent

(f=1000MHz, 0 - 3.3V) wgs

May 30, 2006 Sheet 13 of 16

CLOCK CLOCK SIGNAL

US 7,053,673 B1

258 =1L0u/o.3uI= =zlp/16u
INPUT — |
i | =525B 27A E
(fe=990-1010 | liowo.au i
MHz, 10.5V) || —LascC 23B i
i | 2t 278| 20p [ 2wo.8p
‘ 100/0.8 .__25D| .l -|58B :
INPUT — I 1| . oumeoT
E 10008  2w16p E
RESETTING
FIG. 13A SIGNAL
A/Auax (dB)
0
-10} ﬁ
-20¢
-30dB
|
-40' .
50}
soll . L _
099 0895 1 1005 1.1
(GHz)

Note: 1. Ideal curve in solid line,
2. HSPICE simulation in dots.

FIG. 13B



US 7,053,673 B1

Sheet 14 of 16

May 30, 2006

U.S. Patent

RESETTING

SIGNAL

P e E LR L EEEL DD D bbbt

FIG. 14A

RESETTING
SIGNAL

A A A

AU S DU DU
Ayw g4

'\ i< > 1

AN /!

&
N

llllllll

FIG. 14B



U.S. Patent May 30, 2006 Sheet 15 of 16 US 7,053,673 Bl

| ettt ottt 1 38
: 4
; 39 42 ;
INPUT | 40 | OUTPUT
5 >l BPCS CHOPPING BPCS e
—ts| CIRCUIT CIRCUIT CRCUIT | |
UT ! i OUTPUT
FIRST SECOND CLOCK
: CLOCK :
CLOCK ! :
IGNAL; :
SIGN : CLOK SIGNAL GENERATOR ;
i | 43 E

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

FIG. 15



U.S. Patent May 30, 2006 Sheet 16 of 16 US 7,053,673 Bl

e sl
v ;
§ 4TA i [-OUTPUT
\/ i BPCS >
5 CIRCUIT | ..o ... b
i : 7OUTPUT
3 I-CLOCK 49 |
45 46 SIGNAL LOCAL
bl es | OSCLL- | !
; LOW NOISE 48 :
'Y 4 :
™ ¢ o [ | AMPLIFIER LATOR |
: Dass C 900 :
i Q-CLOCK ;
E SIGNAL | Q-OUTPUT
5 BPCS R
; CIRCUIT | __________. i
478 { Q-OUTPUT

FIG. 16



US 7,053,673 Bl

1

VERSATILE CHARGE SAMPLING
CIRCUITS

BACKGROUND

This application claims priority under 35 U.S.C. §§119
and/or 365 to 9903532-1 filed in Sweden on Sep. 28, 1999;
the entire content of which is hereby incorporated by refer-
ence.

Voltage sampling is traditionally used for analog-to-
digital (A/D) conversion. In a voltage sampler, a sampling
switch is placed between a signal source and a capacitor.
Between two sampling moments, the capacitor voltage
tracks the signal voltage accurately. At the sampling
moment, the switch is turned off to hold the capacitor
voltage. The two processes become increasingly difficult
when the signal frequency increases. For a given accuracy,
thermal noise and switching noise set a minimum allowable
capacitance while the tracking speed set a maximum allow-
able capacitance or switch resistance. It becomes impossible
when the maximum is smaller than the minimum. Moreover,
the clock jitter and finite turning-off speed (nonzero sam-
pling aperture) make the sampling timing inaccurate. In fact,
the bandwidth of a voltage sampling circuit must be much
larger than the signal bandwidth. This makes direct sampling
of high frequency radio signal extremely difficult. Sub-
sampling can reduce the sampling rate but not the bandwidth
of the sampling circuit and not the demands on small clock
jitter and small sampling aperture.

SUMMARY

The object of the invention is to provide an improved
sampling circuit and a method of sampling an analog signal,
which overcomes the above mentioned problems.

In order to achieve said object the invention provides a
charge sampling (CS) circuit, comprising a control signal
generator for controlling an analog input signal to the charge
sampling circuit to be integrated by an intergrator during a
sampling phase responsive to a sampling signal from the
control signal generator, wherein the current of the analog
input signal is integrated to an integrated charge for pro-
ducing a proportional voltage or current sample at a signal
output at the end of the sampling phase.

A more specific object of the invention is to provide a
method and sampling circuit for band-pass sampling.

This object is achieved by a band-pass sampling (BPCS)
circuit, comprising a control signal generator for controlling
a first and second end of a differential analog signal to be
weighted by a weighting-and-sampling (W&S) element dur-
ing a W&S phase responsive to a W&S signal from the
control signal generator, wherein the current of the analog
signal passes through said W&S element only when said
W&S signal is in a W&S phase, and said control signal
generator is adapted for controlling the output signal of the
W&S element to be integrated by an intergrator during the
W&S phase, wherein the current of the output signal of the
W&S element is integrated to an integrated charge for
producing a proportional voltage or current sample at a
signal output at the end of the W&S phase.

Another more specific object of the invention is to provide
a two-step BPCS circuit. This is achieved by a two-step
BPCS circuit according to the invention, which comprises a
first BPCS circuit according to the invention for producing
signal samples with a first sample rate; a chopping circuit for
chopping the signal from the first BPCS circuit symmetri-
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cally in time at its signal output or output pair with the
frequency of a clock signal equal to the first sample rate; a
differential-out amplifier for amplifying the signal from the
chopping circuit differentially; wherein the first signal input
and the second signal input of said second BPCS are
connected to the signal output pair of said amplifier for
producing signal samples at the signal output or output pair
with a second sample rate.

A further specific object of the invention is to provide a
front-end sampling radio receiver. This is obtained by a
front-end sampling radio receiver according to the
invention, which comprises a low pass filter with a band-
width up to twice the clock frequency for receiving and
filtering a radio signal; a low noise amplifier for producing
a differentially amplified radio signal from the filtered
signal; a local oscillator for producing an I-clock signal at its
signal output; a /2 phase shifter with a signal input con-
nected to the local oscillator for producing a Q-clock signal
at its signal output with the same amplitude and 7/2 phase
shift with respect to the I-clock signal; wherein two ends of
the signal output pair of said low noise amplifier are respec-
tively connected both to the first BPCS circuit and the
second BPCS circuit respectively, said I-clock signal output
is connected to the clock input of said first BPCS circuit, and
the Q-clock signal output is connected to the clock input of
the second BPCS circuit, for producing base-band I-samples
of the radio signal at the signal output or output pair of the
first BPCS circuit, base-band Q samples of the radio signal
at the signal output or output pair of said second BPCS
circuit.

An advantage of the charge sampling circuit according to
the invention is that the bandwidth of the charge sampling
circuit does not have to be much larger than the signal
bandwidth. It is also important that for a radio signal, no
matter how high the carrier frequency is, the signal band-
width (the base band) remains a small fraction of the full
bandwidth between DC carrier frequency. It is therefore
unnecessary to convert the full bandwidth. Instead, it is only
necessary to convert the bandwidth comprising the signal.

The frequencies of the signals possibly to be sampled by
the CS circuits or the BPCS circuits are higher or much
higher than that of the voltage sampling circuits at a given
accuracy.

The sampling capacitors used in the CS circuits or the
BPCS circuits are larger or much larger than the ones used
in the voltage sampling circuits, giving advantages of low
noise and low clock-and-charge feed-through.

Each BPCS circuit is simultaneously a filter, a mixer and
a sampler, which greatly simplifies a radio receiver.

The BPCS circuits are capable of directly working at the
radio frequency band, which makes a highly digitized radio
receiver with front-end sampling and A/D conversion pos-
sible.

Both the center frequency and the bandwidth of a BPCS
circuit can be easily programmed. The bandwidth can be as
narrow as required; equivalent to having an unlimited
Q-value.

The CS and BPCS circuits are simple and can be easily
implemented in CMOS or other processes.

This technique is very useful for the purpose of system-
on-chip, which requires a simple and highly digitized archi-
tecture.

It should be emphasised that the term “comprises/
comprising” when used in this specification is taken to
specify the presence of stated features, integers, steps or

































