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LECTURE 080 -PHASE FREQUENCY DETECTORS
INTRODUCTION
Introduction

The objective of this presentation is examine and characterize phase/frequency detectors
at the circuits level. Most of the circuits presented will be compatible with CMOS
technology.

oreanbation \\\\\B%%@@N e

Circuits PLL
Perspective Components
QOutline
. q. Technolo
 Analog Multipliers Porcmantes
. erspective
* Digital Detectors
e Summary
Fig. 030901-09
CMOS Phase Locked Loops © P.E. Allen - 2003
Lecture 080 — Phase Frequency Detectors (09/01/03) Page 080-2
ANALOG MULTIPLIERS

Linear Multipliers
Modulators vs. Multipliers

A modulator 1s a circuit with multiple inputs where one input can modify or
control the signal flow from another input to the output.

v1(t) —»

Modulator f—p Vout() =
Jalvi)1fBlva(0)]

vo(t) —»|

11-1)
where f, and f; are two arbitrary functions of v,(¢) and v,(¢), respectively.

A multiplier 1s a modulator where f, and f; are linear functions of v,(¢) and v,(¢).

v1(t) —»|

Multiplier R — vour(t) = K1v1(2)-v2()

vo(f) —»|

(11-2)
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Applications of Multipliers

* Nonlinear analog signal processing
e Mixing

Phase difference detection
Modulation and demodulation

* Frequency translation

Symbol
Vo o—»
Vo
Vg o—»
CMOS Phase Locked Loops © P.E. Allen - 2003
Lecture 080 — Phase Frequency Detectors (09/01/03) Page 080-4
Types of Multiplication
Vo =“VGVB vg =2.0 Vo =nv°‘VﬁVB =20
””””””””””””” =1.0
v = 0.5
» Vo
Vg = -0.5
,,,,,,,,,,,,,,,,,,,,,,,,, vg =-1.0
o vg =-2.0
One-Quadrant Multiplier Two-Quadrant Multiplier Four-Quadrant Multiplier
Scaling:
Let K,, be a scaling constant such that

Vo = Knvavg.

1
If Viyux = max lvgl or max lvgl, then K, = V.. SO that max [vol = V,ux
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Simple BJT 2-Quadrant Multiplier
The differential amplifier makes a simple multiplier/modulator.
Circuit:

i —  FigMultApp02

Vi W) Vo- Vi(0n)
Al.=1.-1. = a.l tanh 2V, and I = [ exp V=" R,

If v, << 2V, and v, < V, then

Al al, ( vl) v
= V, - on
c® R 2V, [v, BE( )]
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Basic Principle of Analog Bipolar Multiplier - Gilbert Cell

Circuit:
i 1ic1 llcz lica llc4 i
Q! B>>1 Q4
VBE1 3 v
- " \QZ Q D BE4
Note that VBE2 VBE3
Vpel T Vg = Vpes + Ve ; ; ; ;
Substituting for vy, by, : : : P
Ic
vBE = Vt lfl I_
Gives,
) lg ) lg g lﬁ ) iﬂ o lcilcn ] Icslcy _ ic1ic2_ic3ic4
s +in I,) =", +in I, ML, | =TT, L1, = 151,

If Q1 through Q4 are matched, then /,, =1,=1,=1,, and

lefley = lesley
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Gilbert Multiplier Cell

Problems with a simple modulator are:
e 2-quadrant, v,> 0 licsicy)
e Small signal, v, < 2V, = 50mV

Solution - Gilbert Cell:

l ir iL2l
lics iCél

—Q5 Q6

TR N
=T+ exp(-v,/V,) » s =T+ exp(v,/V)) |ic1 iCZL

Vi
o
v
) Lo i Lo i—gzl Q4r/
s = 1+ exp/V) > '6= 1 +exp(-v,/V)> 2 . _‘

ley lcy

. Izp . Izp IEE
a1 = 1 + exp(-v,/ V) and ic; =77 exp(vy/V)
LetAio=1i;,-1;,="(>ix+1ics) - (iy +icg), therefore v VeE (-
. Ige . L
les = [1+exp(-v/V) ][ 1+exp(-v,/V)] > Lea = [14+exp(v/V)][1+exp(-v,/V,)]
. Ige . L
les = [1+exp(v/V)][1+exp(v,/V)] » oo = [1+exp(-v,/V)][1+exp(v,/V,)]
Writing Ai-as Aip= (i3 - icg) + (ics - i) g1VES
_ 1 1 1 1
Nig = I I+exp(-v,/V,) = 1+exp(v/V)| | 1+exp(-v,/V,) = 1+exp(v,/V))

1 1 ex2 e-x2 ex2 - e-x2
Note that: 1+ex = 14ex = ex2 4 ex2 T ex2 4 ex2 = ex2 4 ex2 = tanh(X/Z)
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Gilbert Multiplier Cell - Continued
. Ai, = Iy tanh(v,/2V,) tanh(v,/2V,) which solves the two-quadrant problem.
Assume that, v, = R(i;, - i;,) = RAi. = Rl tanh(v,/2V,)tanh(v,/2V,)
Synchronous Modulator:
v, <<2V, and v, >>2V, = v, ;= Rl ;sgn[v,(t)]tanh(v,/2V))
Waveforms:

sgn[va(1)]

“nnonnonnnonnor..
M nnnnnnm

vl(t“/2V,
10~ ——c e R R |

0

-1.0
Vvo(t)

A

L AT s A L,
SO UET NI

Problem: v, <2V, and v, <2V,

CMOS Phase Locked Loops © P.E. Allen - 2003




Lecture 080 — Phase Frequency Detectors (09/01/03) Page 080-9

Using Voltages for the Gilbert Cell
Voltage Equivalent:

iF
ici=vin/R
; il
+
Vin .
R R>Vout = ICiR
Input Circuit Output Circuit (11-4)

Therefore the previous results can be converted to,

VinV2 = V3Vy
Let v, be an output, then
Vinv2

V4 = vout = V3

CMOS Phase Locked Loops © P.E. Allen - 2003
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Four Quadrant Linear Multiplier
Circuit:

Vce

Current-to-voltage converter |, voyt
0

Predistortion Circuit ¥ iLi iLzJ
L
Q7>'—‘|@8
o
v 1o y * i 12+
r—4Q Ki Qo a K o+
v, REe Rgg REE Reg v
o o-
g (i
v
ViE VEE

The predistortion circuit forms tanh-1x type shaping prior to the tanh x shaping of the
following stage.

CMOS Phase Locked Loops © P.E. Allen - 2003
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Four Quadrant Linear Multiplier - Continued

Analysis
i i i i
Note that, Vg - Vegs + Vees - Ve =0 — VTln(T;] - VTln(r;) + VTln(f;] - Vﬂn(fjﬁ) =0

Assuming matched transistors gives i3is =iy, lolz=1400 and  iyis =151
AISO note that, il = i3 + i4, ig = i5 + i6, iLl = i3 + i5, iL2 = i4 + l.(,, and IXX = ig + ilO

. Vi N £ .
Assume that i - i}, = K - u-L=EK , and vour = K.(iv, - i1,) where K, =K, = 2R

Now,

o by (Do CLho o oy ho) o (lmho)
VOUT:KQ[(Z4+Z())—(Z3+I5)]=KO l4+15i9 - (l4i9 +15) =K0 l4-14 ig —l5+l5 '9 =K0(l4—l5) 1—i9 =K0 ig (l4—l5)
Next, find i, - is in terms of i, - i, as follows.

. . o Jho R IT) o+ 1) . .
Lh-bL=0+1)-(is+1i) = (l4g+ 14) - [15 + ZSE) = ( i ](14 - 1s)
o L ). | L .
Therefore, i,-is5= (i() T im](ll - ;) which is the desired result.
Substituting gives
Io= Lo\ By )\ . . (o-0)-b) K, .
Vour = Ko( I )[ig + ilo)(ll -b) =K, Iy + 10 =1 (lg = 119) (i) - 1)
Ko
VOUT= TxxK1Ka V1 V2 = Km vi v2
CMOS Phase Locked Loops © P.E. Allen - 2003
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Gilbert Cell CMOS Multiplier

As we have seen, the classical Gilbert Cell mixer may be implemented in a single-
balanced or doubly-balanced configuration.

4 Vbp

o+ Vout -0 RL

RL%

M5 M6
Vi
—

Py
Ml M2 }—‘
+
V2 \—1—:
é @

Double-Balanced Multiplier

Single-Balanced Multiplier
Fig. 110-02

As with the BJT multipliers, one input, vy, is large enough that it cause the differential

input transistor to act as a current steering switch. As a consequence, these mixers are
really modulators.

The gain of the multipliers is g,,R;.

A problem with the double-balanced multiplier is that it uses three stacked transistors.

CMOS Phase Locked Loops © P.E. Allen - 2003
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2V, High-Frequency CMOS Multiplier'
Based on the Gilbert cell with two source-followers as current modulators.

Comparison with the Gilbert cell:
» Can operate at a lower supply voltage because the mixer does not use stacking
» Source followers give better linearity

e Has a smaller mixer gain because sharing the bias currents with the followers
reduces g,

¥ K-K Kan, D. Ma, K-C Mak and H.C. Luong, “Design Theory and Performance of a 1-GHz CMOS Downconversion and Upconversion Mixers,”

Analog Integrated Circuit and Signal Processing, Vol. 24, No. 2, pp. 101-111, July 2000.
CMOS Phase Locked Loops © P.E. Allen - 2003
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How Does the Previous Multiplier Work?

The oscillator input is sufficiently large that t Voo
M1-M4 are fully switched on or off. \—:] [lj
Therefore, the multiplier is redrawn as shown “fjf = I\EZZ
and consists of two pairs of unbalanced o - [ Vour -0 -
source coupled MOSFETs. ) _ ‘ , .
The differential drain current of an o Bloa oL

M4 M6

. Ml
unbalanced source-coupled pair is & _|[: :“_
Aip =ip) —irp = Ipctisg + inon

(W1/L1)-(Ws/Ls) CE g)

where Ipc= (Wl/L1)+(W5/L5) Ip I * Is *
which is the current due to the asymmetry of = e (20001
the unbalanced source-coupled pair.

, (Wi/L1)(Ws/Ls)[(Ws/Ls)-(W1/L1)]K,,’ ,

s = [(Wi/L)+(Ws/Ls)1? Vi
which is a current proportional to the square of the differential input voltage, V;
=V;1-Vgs and where V; is the gate voltage from the inherent square law model

. 2(W/L)(Ws/Ls)K,,’V; 21p

lnon = [( W/L)+( WS/LS)]2 [(W/Ly)+ (WS/LS)]K_H’ - (Wy/Ly) (WS/LS)Vi2

which is the portion of current that causes harmonic distortion.

CMOS Phase Locked Loops © P.E. Allen - 2003
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Frequency Response of the Previous Multiplier
There are four poles and one zero.

Dominant pole:
1
P1 =R,C, o
where R, is the output resistance at Vig (v ). ;l;n_|M5

Second pole:

8m1*t8mbs1+t8m5+8mbs5t8051807 s I

p2 = Cx+Cgs1+Cg55 =
where g7 is the output conductance of /g and

C, is the capacitance contributed by the biasing transistor as well as the cutoff

transistor. The other two poles and zero are higher in magnitude and can be
neglected.

-t

T~

|
-L.

= Fig. 021005-01

0

. F Conversion gain of the mixer
Frequency response: - F < ]
i « .
S0k

E] “7 F Frequency response at the cémmon-source nodes
5—)‘3 s F with LO frequency at zero ]
= E \ ]
& F ]
8 20 C \ 1
25 E ]

1 10 100 1000
Frequency (MHz)
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A Quarter-Square CMOS Multiplier’
Quarter-Square Principle:

Vo=7F [(Vi+v2)2 - (Vi-v)2l =Z [Vi2 + 2v vy + vo2 - vi2 + 2V v, - vo2] = kv,
Differential Summer Circuit:
Voo vos = VDD-VGS8-VGS6-VDDHVGS5+VGST
(V%M%“ﬂ VOS = VGS5tVGST-VGS6 VGSS

— (W/L) (W/L)
But, vons ="\ | (WIL), VON1> VONT ="\ (WIL), VON3:
(WIL) (WIL)
. VON6 ="\| (WIL), YON2 and vON8 ="\ | (W/L), VON4

" (WiL)1
vos ="\ WIL), [(vGs1-vGs2) + (vGs3-vGs4)]

(WIL)1
= MPLLOGS S vos ="\ WIL),(1 +Vv2)

¥ 1.S. Peifia-Finol and J.A. Connelly, “A MOS Four-Quadrant Analog Multiplier Using the Quarter-Square Technique,” J. of Solid-State Circuits,
vol. SC-22, No. 6, pp. 1064-1073, Dec. 1987.

CMOS Phase Locked Loops © P.E. Allen - 2003
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Quarter-Square Multiplier - Continued
Dual Differential Squaring Circuit:

vosq = VpD - Rz - Vpp + Rrij i léRL RL% Ji
= -Rp[(i19+in0) - (ig+i10)] -
- q o

.o 2 e gt
ig+io = [ ]( ]3[(VG8+0 5vosi-V)? o—| ; (WiLy3 ; [%liWEIF_-IH
Kp VOSI VOS2
A, Vas0.5v051-vo %
P

w
p, L]3[(VGS'VT)2+O 25V051 ] Vs MPLLO7

W
Similarly, i19+ip0 =K, ( ) [(VGs-V1)2+0.25v0502]
LA 2 2 2 2
" Vosq = RLK)p ( L)_o,[(VGS‘VT) +0.25vos51- (VGs-V1)*-0.25v052°]

(W 2 2
= R, [T 102500512 vos2?)

which is valid as long as v;<<V;. where Vj is associated with the value of +v; when one
of the transistors leaves the saturation region.

CMOS Phase Locked Loops © P.E. Allen - 2003
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Quarter-Square Multiplier - Continued
Complete Circuit:

M7 M8 17
(W/L) (W/L), RL (W/L),

o) Ly

i B s g™
MIO o VO +C g \\ g\ I\
— (W/L)s ] 2 M19|F— (W/L)3 —|[_M"20
o——M (W/L)| :]Tu M1 M1
V1 —
P
TV 3] M

M3 M |
TAR(W/L)l (WIL), F]}—‘ ’—1 ﬁ
V2 N A N A

N AN

. 1 M22 M21
| | | |
}_’| (W/L)4 | M24 Vss }_’| ’_T

(WIL), S W,

MPLLOS
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Four-Quadrant CMOS Multiplier’

Small Signal Analysis: Vb
lout = 17-18 = (i3+i5)-(i4+ie) = (i3-i4)-(i6-15) ) 1 n
DD ' HIE
where °
8m34V ~8m34V. v ﬁ
l3 = m2 : s l4 = m2 : ’ o—i[_ M1 M2 F M3 M4 T[:\l\i M6, |__‘§(
8m56Vx -8mS56Vx b | —

=" 12 ,andis=""»

" lout = 8m34Vx - 8m56Vx Cplss CPISS
FigMultApp08 v v
= (\2KNSNI34 - \2KNSNI56 ) vx B N
However, I34 = Isg - (0.5Ipp+i1) and I5¢ = I55 - (0.5Ipp+in)

If Ipp =155 and i) < Iss and i < Igg, then I34 = 0.51gs-i1 and I5¢ = 0.51gg - in
oyt = \/ZKNSN (\/134 - \/156)Vx = \/2KNSN (\/0.5155—1'1 - \/O.SISS - i2)vx
= \KNSNIss (N1 -(2i1/Iss) - \[1 -Qio/Iss) vy = \[KNSNIss [(-i1/Iss) + (i2/I55)]vx

KySy Lo KySy Em12Vy 8mi12Vy KySy
low = ISS <_11+l2>vx = ISS 2 + 2 Ve = ISS gml2vyvx = \]2KNSNKPSvavy
T Babanezhad and Temes - JSSC, Dec. 1985.
CMOS Phase Locked Loops © P.E. Allen - 2003
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CMOS Four-Quadrant Multiplier
Complete circuit:

Vbp

o

i I

1§ ]

L
T T
T T

o + vouT o—
6—\—”‘:,; M2 M3 M4 M5 M6 7Mg |12
A T b (ST
N = M0 [——

Vex =
MI1 M12 |:| | | |

T .
I

— — — FigMultApp09 —

vcx 1s a voltage used to establish the common mode in the multiplier.

CMOS Phase Locked Loops © P.E. Allen - 2003
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CMOS Four Quadrant Multiplier
Uses FETs in the triode region to
achieve a linear four-quadrant multiplier. .y M1 N
Ideal Operation (Op Amp Gain = « and = éO_Q_“tT Ry
vi=0): ’ i
= | 2 .
kv Yy v Vy 1 (V)2 D Vi +> Yo
= - A -~ 1 +
4] \Ves+72-Vrj2-2(2 o= Vio — =i, o vy
M4 i4 Ry
e AL e B W W
12:KLVGS‘2‘VT 7 1-712 TF
: | Yy Vx 1 (Vx)2 Wto Oy _
13 = K \_ VGS - 2 - VT 2 - 2 2 =VRF — VRF Flg. 12.5-19
' [ vy Vx| 1 (-Vx\2
i4=K"\Ves+72 -Vrj|27)-2(2
VxVy  VxVy
Vo=R(oT-vy)=RK’(-ig - i3+ i1 +ip) = RK’(\ 7+ 7 |=RK'vyv)
Vo = RK'viovRF = GTVLOVRF
where the gain, G = RK’
CMOS Phase Locked Loops © P.E. Allen - 2003
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CMOS Four-Quadrant Multiplier - Performance
150uA ; ! ! | | SPICE Input File:
C : : : © V=6 Double MOSFET Differential Resistor Realization
100uAk- . . 5 q M1 1234 MNMOS1 W=3U L=3U
- - VBc=-5V. 7 M2 1584 MNMOS1 W=3U L=3U
g VN v M3 653 4 MNMOS1 W=3U L=3U
SOuA—= S ~ T M4 6 2 8 4 MNMOS1 W=3U L=3U
) - ' , VSENSE 38 DCO0
(szu) o+ 3 VC120DC7V
= i _ ' _ . . ] VC250
N ; . | 3 VSS 40 DC -5V
F - : : - : : VI216
: i . . . . ] .MODEL MNMOS1 NMOS VTO=0.75 KP=25U
-100uA-12 - - : : T +LAMBDA=0.01 GAMMA=0.8 PHI=0.6
: / : : . : DCVI2-3302VC2261
-150uA } } } I I .PRINT DC I(VSENSE))
-3 -2 -1 0 1 2 3 .PROBE
V-V, .END
Comments:

* Good linearity and tunability.
* Frequency range limited by the op amp

CMOS Phase Locked Loops
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CMOS Four Quadrant Multiplier - Continued
Previous circuit with a finite op amp gain (A):

Vo=Vo vy =A (vit-v;) = vt

Vo
_ﬂ_ VT

i1=K"||Vgs+
Vo
_ﬂ_ VTJ
Vo
VGs-2+24-Vr
Yy Yo
VGs+3 +24-V

Yy
2
. , Yy
=K |Vgs-7

|\<<

Vx
7 +

i3=K’

Vx

i4=K’L
R

T

RK’

Vx Vo
2 "24]°2
Vx Vo
"2 "2A]°2
Vo
24|12
Vo
"2 T24]-2

1 2

2 "2A
Yx Yol
2 t2A
Vo
2A

Vx Yop
-2 +2A

VxVy Vo VGsvo

1

1

Vx

3434

1

VxVy VGsvo Vvo

Vo = TGig-i3+i1+ip)=
1+3

1

2RK’
1 "‘K)

—a (Vgs-Vr)|=RK ’vxvy

Vo

CMOS Phase Locked Loops

1
1+37

2 T A A T2 A T A

Gt
1 2Gr
l+3+ 42 (Vgs-Vr)

Vo = VxVy

© P.E. Allen - 2003
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CMOS Four Quadrant Multiplier - Continued

Previous circuit with a finite op amp gai

n (A) and a threshold variation (AV7* and AV7):

: , Y Yo LY Yol 1(¥x Volp
i1=K"\\Ves+2 -24-Vr-AVr'|2-24)-2(2 - 24
R S e Vo) L(vx Vol
i2=K'|\VGs-2-24- V- aVrt|-2 - 24)-2(2 + 24
ol v Y¥x Vo) 1[vx Vol
3=K"||\VGs-2+24-Vr-AVr |2 +24)-2(2 24
: Al Vy Vo N Vx Vo| 1(Vx Vol
i4=K'||VGs+73 +24-Vr-AVr|-2 +24)- 2|2 + 24
R
Vo =T+ (1/A) (-4 - i3 +11 +i2)
RK* vy AVT'vee Vv vo2  VGsvo vy  AVTV, Vv, vo?  VGsvo
ST+MA) [ 2 7T A A Yo A T2 TTA TTA o0 A
GT 2V0 Vo
— —— — — + -
Vo=T+(1/A) |Vxy - A (VGs-VD + 7 (AVr +AVT)]
Gr
Vo = 1 2GT Gr VxVy
1+ [1 +T+A(VGS- VD) - T3 A (AVTT + 4V7)

CMOS Phase Locked Loops

© P.E. Allen - 2003




Lecture 080 — Phase Frequency Detectors (09/01/03) Page 080-25

CMOS Multiplier - 4 FET Switch Plus Inverter

Circuit:

e V-I converter based on CMOS inverter

* LO commutates four-FET switch to mix with the RF current
 Linearity limited by V-I converter

* Noise set by V-I converter

Performance:

e Implemented for a 900 MHz RF, 100 MHz IF
superheterodyne receiver

* Image noise suppression filter is required between the LNA — Fig 12526
and mixer to satisfy the matched input impedance requirement at the mixer.

Specification Value

Conversion Gain 9dB

DSB Noise Figure 6.7 dB

11P3 -4 dBm

LO level 0dBm

Current Drain 2.6 mA at 2.7V

Technology 0.5 um CMOS
CMOS Phase Locked Loops © P.E. Allen - 2003
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Passive Mixer Example

A simple, doubly balanced passive CMOS down-conversion mixer is shown along with
the local oscillator waveform,

vor(t). Assume that vpe(t) = vLo(1)

Appeos(oppt) and v is R Lo(1) swicn

shown below. (a.) Find the N

conversion gain, G,, in dB if the g1 0 >
switches are ideal. (b.) Find = Vol

the conversion gain in dB if the Rs Switch| __ L
switches have an ON resistance 2 OFF I+ le o ~ F99E2P1

of R,/2.

Solution

Assume the switches have an ON resistance of Rpy and work both parts (a) and (b)
simultaneously. Also, The equation for v;(f) can be written as,

R
vip(t) = [2Rs+2RON VRr() - sgn[vro(n)]
| Ry 4 4
Vir(jo) = MARFCOS(Q)RFZ) - |zeos(wr of) + 3COS Bawrot) + }

Ry

: 4ARF R
ViF(jo) ~ (2RS+2RON

S 2ARF
x cos(wppt) - cos(wpot) = [ZRS+2R0N

T COS[(URF '(ULO)[]

CMOS Phase Locked Loops © P.E. Allen - 2003
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Passive Mixer Example - Continued
The conversion gain in general is

. vLo(t)
written as R, < VLO(1) VLO(D) gire
2 ON
) VIE(1) _
Virl R, 2 VRF(Y) h 0 >
— — — = Ry
GC - lVRFl - [2Rs+2RON T R vLo(t) vio(t) Switch
N O—| l_o L ___ o= Y I
2 OFF |« 1 -
fLO F99E2P1
1 1
(a) ForRoy =0,G.=% — |G.=5x=-9.943dB
2 2
(b.) For Roy =0.5R,, G, =3, — |G.=73,;=-13.465dB
CMOS Phase Locked Loops © P.E. Allen - 2003
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A 1.8V, 1.9GHz CMOS Multiplier’
This mixer uses a stacked Gilbert cell as shown.

Performance for RF = 1.9GHz and IF = 250MHz:

Supply Voltage | 1.8V 2.1 3.0
LO Power -8dBm | -8dBm | -8dBm
(1.65GHz) Vlgi
SSB NF (50Q) 10.2dB| 9.4dB | 8.2dB

Conversion Gain | 0.5dB 24dB | 6.5dB
11P3 -6dBm | -5.5dBm | -3dBm

Input -1dB - - -
Compression 15dBm | 14.5dBm | 12dBm

Total Current 48mA | 5.8mA |[13.1mA ,BQD

¥ P.J. Sullivan, B.A. Xavier and W.H. Ku, “Low Voltage Performance of a Microwave CMOS Gilbert Cell Mixer,” IEEE J. of Solid-State Circuits,
Vol. 32, No. 7, July 1997, pp. 1151-1155.
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DIGITAL DETECTORS
Conventional Phase Frequency Detector’

ExternalD ) D Down ?
Reference M

_} Dead Zone
B N

: |
:

L Up
vCo ﬂ} }T|>H
Fig. 3.1-20

The primary problem with the conventional PFD is the dead zone which causes phase
jitter.

¥ N. H. E. Weste and K. Eshragrian, Principles of CMOS VLSI Design, 2% ed., Reading, MA, Addison Wesley, 1993 also see B.D Muer and M.
Steyaert, CMOS Fractional-N Synthesizers-Design for High Spectral Purity and Monolithic Integration, Kluwer Academic Publishers, Norwell, MA,
2003.
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Delay in the Conventional PFD

The PFD is an asynchronous state machine. The circuit speed depends on the delay time
necessary to reset all internal nodes. The critical path is shown below in bold and
consists of 6 gate delays.

ExternalD :>o— Down
Reference % M [:

s

Y
ﬂ‘-“{ Ending Point
E' of Feedback Path
¥ ~ Up
VCO —’E@o— ;\[>o—>
< < Starting Point
Fig. 3.1-21 of the Feedback Path
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Precharge PFD’

The critical path has a delay of only
three gates reducing the dead zone

and resulting phase jitter.

External

Vbp

VoD

e

Reference

VCO

Starting point of

—qﬁu@ / feedback loop
v :

Down
'\[

Output

‘4

Yamm

Ending point of
feedback loop

!

Fig. 3.1-22

7S. Kim, et. al., “A 960-Mb/s/pin Interface for Skew-Tolerant Bus Using Low Jitter PLL, IEEE J. of Solid-State Circuits, Vol. 32, No. 5, may 1997,

pp. 691-700.
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Modified Precharge PFD’
Circuit:

Vbp
_| Up
External |
Reference 1
_|
.
VCOo bb
Output |
1 Down
|
1
_|
0° Phase OffsetT

Vbp
_| Up
External |
Reference !
_|
A
VCO
Output |
1 Down
|
1
_|
180° phase offset Fig. 3.1-23

The two delays inserted at the external reference and the VCO output remove the dead
zone in the phase characteristic around the equilibrium point of the phase detector.

" H. 0. Johansson, “A Simple Precharged CMOS Phase Fequency Detector,” IEEE J. of Solid-State Circuits, Vol. 33, No. 2, Feb. 1998, pp. 295-299.
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Comparison of Various PFD’s
VDD =3V andfo = 50MHz

1.5 0.1
Precharge PFD
1.0 AW Modified Pre- -
«E‘ 05 Modified Pre- E‘ 0.05 charge PFD
Z charge PFD Z Precharge PFD
3 00 5 00 \
wn ) %) Y <
% -0.5 % Conventional PFD
& & 005
-1.0
NConventional PFD 4
-1.5 -0.1
=27 -7t 0 T 27 -1 -0.5 0 0.5 1
Phase Phase (ns) g, 3104

The duty cycle of the input will influence the dead-zone of the PFD including the modified
PFD. For example, a duty cycle of 5% at 50 MHz gives a phase offset of 0.063z or

630ps.
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Frequency Response of Various PFDs

The maximum operation frequency is defined as the frequency where the size of the dead
zone starts to deviate significantly from the low-frequency value.

1000 _
Conventional PFD = Modified Pre-
2 800 i S 800|  charge PFD\
g § 600
h=
g o Modified Pre- s Precharge PFD
e charge PFD L
E 400 £ W Ué 400 Conventional PFD\
S 200 E 200
a Precharge PFD/ 5
0 =
0 200 400 600 800 1000 1200 2 25 3 35 4 45 5
Frequency (MHz) Supply Voltage

Fig. 3.1-25
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SUMMARY

Analog Multipliers:
* 1-, 2-, and 4-quadrant
Modulator - output voltage is the product of arbitrary functions of the inputs
Multiplier - output voltage is a linear product of the inputs
BJT multipliers - Gilbert Cell
MOS multipliers - quarter-square principle, translinear principle
The linearity of the multipliers can be increased by various methods.
Digital Detectors:
* The EXOR and JK phase detectors are reasonably simple and straightforward
» The primary objective of the phase frequency detector is to eliminate the dead zone
» Techniques for reducing the dead zone

- Precharge PFD

- Modified Precharge PFD
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