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Abstract—This paper reviews several techniques used to (VCO) noise, which can be suppressed inside the loop band-
reduce the in-band.phase noise contribution oA Y fractionaI-N width by increasing the loop bandwidth; 2) quantization noise,
frequency synthesizers. The paper develops several practical\yhich can be reduced by decreasing the loop bandwidth; and 3)

techniques for specifying the noise and linearity of components . . . .
used in aA Y. fractional-N synthesizer. in-band phase noise, which can also be reduced by decreasing

As an example, it presents a synthesizer with an in-band phase the 100p bandwidth. Clearly, in any given case, there is an op-
noise floor of —97 dBc/Hz@10 KHz for an RF output frequency of timal bandwidth which provides the lowest noise by trading off
2.432 GHz and a reference frequency of 16 MHz. The synthesizer in-band phase noise and quantization noise against VCO noise.
has a frequency resolution of 61 Hz and an on-chip crystal oscil-  \We have lumped several similarly behaving noise sources into
lator. The synthesizer was implemented in a 0.3%:m SiGe process /o phase noise; it can also include contributions from power
and consumes 6 mA from a 3 V supply. The in-band phase-noise, o : o . . )
spurs, and power consumption of this synthesizer are each low and amplifiers _(PA noise) or circuit noise added in .the loop filter. In
comparable to the state-of-the-art. any case, itis suppressed by the open loop gain of the PLL. Sim-

: _larly, the in-band phase noise contains contributions from the
Index Terms—Bluetooth, Delta—Sigma, frequency modulation . .
(FM), frequency-shift keying (FSK). Gausian frequency shift reference signal path, divider, phase frequency detector (PFD),
keying (GFSK), GMSK minimum shift keying (MSK), general ~and charge-pump.
packet radio service (GPRS), global system for mobile communi-  The design presented here was tuned for a cable modem
cations (GSM), multimode, radio, satellite, Sigma-Delta, wireless. application requiring a quadrature amplitude modulation
(QAM) signal constellation with up to 1024 points and which
in turn required very low in-band phase noise. Low in-band
phase noise is also important in many satellite applications. The
ODERN communication chips are a good example ghase noise, beyond 2 MHz, for the synthesizer presented here
the level of complexity that system-on-a-chip (SOC) has —123 dB/Hz. The kinds of applications where this would be
reached. Both digital control circuits and analog componentsacceptable are those that require low out of band noise to
such as LNAs, mixers and A/Ds are integrated onto the sapvent interference from strong interfering signals or to meet
substrate. A key mixed signal block in such SOCs is the frgemanding spectral mask requirements, such as GSM.
quency synthesizer which is used for both up-conversion andrhis application, with its demanding in-band phase noise re-
down-conversion of signals in the radio. quirements, provides an excellent opportunity to review tech-
AY synthesizers solve several problems faced by radio syfiques to address the problem. Future work based on [5] will
tems designers. These synthesizers provide opportunities for gidress improvements in quantization noise. There is a wide
taining small-frequency step sizes, reduced synthesizer phBsély of literature on improving VCOs. Several techniques are
noise, reduced spurious tones generated by the synthesizer,gtadented as a case study and tutorial review for improving one
flexibility in frequency planning. Although they have been inmetric of synthesizer performance, in-band phase noise.
vestigated in one form or another since 1978 [1], they haveTo put this collection of techniques into the context of a com-
been commonly used commercially only in the last few yeagsete synthesizer, the paper walks through the entire synthesizer
[2]-{4]. Although aAY: fractionalN frequency synthesizer canand describes each relevant component, how it contributes to
have many uses, tuning its performance to any particular appfi=band phase noise and how we selected our approach to ad-
cation requires many decisions at the component level to obtaissing the issue. This is done in two passes; first, in terms of
acceptable performance of each component and higher level dechitecture and second, discussing some circuit level details.
cisions that effect the tolerance of the synthesizer as a whole tq=or experts, the value of this paper is in its description of
component imperfections. how to balance the costs and benefits of the various techniques
Perhaps the clearest example of this kind of tradeoff involvegscussed. For the uninitiated, it provides a checklist of issues
the three types of noise contribution ta\®: fractionalN fre-  that need to be addressed and some understanding of how to ad-
quency synthesizer. These are 1) voltage-controlled oscillatiyess them. Several new twists on old themes are also identified
Manuscript received May 1, 2003; revised July 2003. This work was sutlf-"’o.l'lghOUt ihe paper and.lt recommends ar.] overall approach to
ported in part by the Academy of Finland, Project 51493. This paper was r&eS'gmng synthesizers with low in-band noise. Another impor-
ommended by Guest Editor M. Perrott. tant aspect of the techniques presented in detail here is that they
T. A. D. Riley, Q. Du, and J. Kostamovaara are with the University of Oulugrq all, to the best of the authors knowledge, public domain and
FIN-90401 Oulu, Finland. . . . ..
N. M. Filiol is with Kaben Research, Inc., Osgoode, ON KOA 2W0, CanadhUS readily available for commercial use. This is a step toward
Digital Object Identifier 10.1109/TCSI1.2003.819132 a patent free\ Y. fractionalN frequency synthesizer.
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Fig. 1. Synthesizer chip block diagram.

In Section Il, we look at high-level issues concerning in-bartthat in-band phase noise could be a limiting factor in a synthe-
phase noise and how to set specifications for the componentsiakr design, we recommend replacing all in-band noise sources
the design. In Section IIl, we look at various aspects of the circuiith an equivalent noise source in the reference
design asthey relate to in-band phase noise and the specifications
setin Section II. Section IV presents measured results. The con-  LsyntnPD(f) = Leynnpp = BFM 4 10logyo(fs) (1)

clusions, in_ Section V, pres_e_nt a summary of our results and rWﬁereLsymhpD(f) is the single-sided in-band phase noise den-
ommendations for generalizing our approach to other problemgy contribution of the synthesizer at the phase detector and
/s is the sampling frequency of the phase detector. Banerjee
Il. SOURCES OFIN-BAND NOISE figure of merit (BFM) is drawn from work originally published
The top level of a\ Y fractionalN frequency synthesizer chip by Banerjee [8]. Its primary benefit is that it can often predict
consists of six blocks: the digital block containing th& mod- the in-band phase noise performance of given hardware over a
ulator (DSM), the divider block, the phase detection (PD) blockide range of operating conditions. The original form referred
reference block, loop filter and VCO. For our case study, tfiBe noise to the synthesizer output as
VCO and loop filter were off-chip. The blocks and the overall
architecture of the chip are presented in Fig. 1. I =BFM + 1010g;o(f5) + 201og1(N) 2)
The shaded boxes indicate a function controlled by regighich simply acknowledges that the gain from the reference
ters in the serial interface. The cross-hatched bars indicate fhgjuency to the synthesizer outputNsfor offset frequencies
boundaries between the blocks. The cross-hatched squares i@t within the loop bandwidth.
cate pads. The black bars indicate the chip boundary. With (1) as a starting point, we assume the synthesizer will
This section introduces the major sources of in-band noiggntribute some constant amount of white noise power that is
describes where they come from and how to set limits on thefjultiplied by the reference frequency. Then, as usual, the deci-
levels so that an overall in-band noise performance requiremens about loop bandwidth, sampling frequency, loop filter de-

can be met by the following: sign etc. can be made early in the design process. The minor im-
« jitter in digital logic, provement we suggest here is that by starting the design process
* noise folding, with BFM included, BFM can serve as an indicator of the dif-
 charge-pump current noise, ficulty to expect in the circuit design, even for synthesizer de-
« offset current noise, signers who are not circuit designers. BFM provides a conve-
* reference noise. nient comparison with other work and, as we will later show,

Synthesizer designs often begin with the designers favoritanslates easily into component level specifications.
interactive number crunching software and the models proposedection II-A—E addresses the major sources of in-band noise
by Crawford [6] and/or Perrott [7]. When it becomes appareand block level decisions made in our case study. We describe
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here the allocation of an in-band noise budget to achieve a BFM .

Output Charge O
of —213 dB. [Coulombs]

A. Jitter in Digital Logic

One of the major contributors to in-band phase noise is jitter
in the digital logic making up the dividers, PFD, and reference
path. In this section, we show how to use BFM to set specifica-
tions on the tolerable amount of rms jitter in digital logic.

To begin this process, we note that an rms jitteppfwill
have an equivalent error in radiang@fro ;) /T, whereT is the
sampling period at the phase detector. As a result, the spectra
density of a white, constant rms jitter at the phase detector is

hy(@)=K 3 0+0 gt ()

2
2mo; 1
Sy, = <TJ> 7 = (270,)* fs (3) Fig.2. Anarbitrary phase detector nonlinearity.
S S
which, when we convert to double sided spectrum and loggreviously in [2] and [9]. We present here some simple approx-
rithmic notation gives imations that allow this effect to be quantified so that linearity
specifications can be set for the various PLL components. Our
Ly, = 20logy, (\/57“71') + 10logyo(fs)- (4)  presentation is based around nonlinearities in the phase detector

) ) i ) such as a dead zone in a phase/frequency detector (PFD) but
_From this form, we can see that a fixed rms jitter directly consther nonlinearities have an equally significantimpact. This sec-
of the equation we can identify a component of the BFM cofroduced by any nonlinearity, if it were known. This is a pre-

tributed by component jitter as liminary step to setting the limits on how much nonlinearity the
synthesizer can tolerate.
BFM,; = 20log,, (\/57”73') . ®) This section examines the effects of nonlinearities in the PLL

] . components when the sequence length in the bitstream from the
If we allow one fifth of the BFM to come from j|tt_er a_nd thepsmis long. By long we mean long enough to produce no vis-
rest to come from sources yet to be discussed, this will allowge spurs within the resolution bandwidth of the spectrum ana-

total jitter budget of lyzer or fast Fourier transform (FFT) evaluating the synthesizer
or simulation, respectively. Thus, the meaning of long here is

oj = \/T 0@ 1 = 2.3 ps. (6) relative to how we are looking at the circuit or simulation. When
5 V2 the bitstream from the DSM is a long sequence, nonlinearities

The next step in allocating the budget is to account for tftoduce the appearance of in-band noise. When the sequence is

number of delay stages between the VCO and the phase $&rt: nonlinearities produce in-band spurs.

tector, between the reference and the phase detector, and withjhn€ initial assumption is that all of the nonlinearity is at-
the phase detector itself. Using a combination of proprietafyPuted to the charge-pump; clearly, other nonlinearities occur
techniques and techniques described here, we reduced thigg €a@n be mapped to equivalent charge-pump nonlinearities.

three delays in the divider, three in the reference path and 0h°l§ a result, this section Is important to gnderstandlng f[he ef-
two within the PFD for a total of eight. This allows an rms jittelfects of the other nonlinearities. We will discuss the details that

per delay stage of suggest generic ways to reduce the impact of nonlinearities once
the impact is understood.

Fig. 2 shows an arbitrary charge-pump/PFD characteristic
curve with nonlinearity. The dashed line indicates the best lin-

) earized gain which reduces the rms error to a minimum. Gain
Note that this does not suggest that the delays through the digrors and offset errors being linear are not relevant to this dis-

ital logic need to be less than 0.8 ps; it requires that the rand@@ssion. Whatever error remains represents an additive error in
changes on these delays be less than 0.8 ps rms. the charge-pump output charge or an equivalent additive error
. . in the reference phase.
B. Noise Folding Here, we assume the charge-pump output charge is given by
One of the difficulties that arise in any circuit exploitidg®.  a functionh,,;(¢) whereh is a nonlinear function ang is the

techniques is that the high-frequency quantization noise cpinase angle of the divider output that is being measured by the
be brought into the signal bandwidth through intermodulatigghase detector.

products caused by nonlinearities in circuit components. In theWe assume that a sequence of phase erggrsproduces a
context of aAY] synthesizer, these nonlinearities occurring angequence of charge output erregs wheree,, is the difference
where in the phased-locked loop (PLL) cause the quantizatibatween the actual output charge and the ideal linearized output
noise to fold back into the baseband. This has been reportddirge. For example, in Fig. 2; causes the errer, o, causes

2.3 ps
OjEach — Té) = 0.8 ps. (7)
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. . Fig. 4. The same arbitrary nonlinearity with a different linearized gain and a
the errore, and so on. The variance of the sequenceill then  itterent range of operation.

be as shown in (8)

1 andp, mark the bounds of the range of operation. Clearly,
® both the range of the error and the rms value of the error will be
/ e2(p)fo(p)de  (8) smaller for this region of operation and this smaller distribution
o of phase error than in the examples of Figs. 2 or 3. This brings

up two practical points for the design and operationAof
whereFE{} is the expected value operator afid ) is the prob- synthesizers: first, it is important to control the distribution of
ability density function ofp. To appreciate the meaning of (8) the quantization noise and second, it is important to control the
we should note that the error varianeg, is the expected value region of operation where the phase detector operates and/or to
of all of the individual errors squared, which in this particulamake sure that it is linear in the region where it operates.
case is the expected value (). As always, the expected  Given that lower quantization noise is preferable, lower-order
value can be evaluated using the integral on the right-hand sidedulators are also better because they introduce a smaller
of (8). AY jitter distribution. Thus, with lower-order modulators, the
From (8), we can see that the rms error introduced by nonlisharge-pump/PFD needs to operate in a linear fashion over a
earity could be evaluated numerically if the distributibr(¢)  smaller range.
were known and limited to a finite range and also if the nonlin- The range and probability density functionf can be ac-
earity were known. curately estimated from discrete time simulations of the DSM.
Fig. 3 illustrates an example, for the same nonlinearity d$us, the integral in (8) can be approximated numerically be-
Fig. 2, where the distribution @ is now constrained to lie be- cause DSMs must produce a bounded phase error at the phase
tweeny; andy,. The probability density functionf,(¢), in-  detector to operate properly inY: PLL synthesizer.
dicates the likelihood thap will take on some value between For the sake of developing a better understanding and a
@1 and s, and hence, the probability thatwill take on the simple analytical formula, we will consider the case where
value set by the nonlinearity. This process can be summarizté phase error is uniformly distributed. This is only true for
by pointing out that the rms charge error is the rms nonlinearifiyst-order DSMs; higher order DSMs have distributions that
of the charge-pump weighted by the probability density fun&ecome increasingly closer to Gaussian in shape. Higher order
tion of theyy, distribution. DSMs tend to clump the probability density function closer
An important issue is that the phase detector appears totbethe mean value. This suggests that most of the time the
more linear when the distribution gf;, is tightly clustered near signal is smaller, which slightly offsets the effect of the tails
a single operating point. This is the familiar “small signal” apef the distribution where the signal on occasion can be larger.
proximation where a small signal can be analyzed as if it weFe®r “gentle” nonlinearities without sharp discontinuities or
present in a linear system (provided the signal is sufficientiypikes, the use of a uniform probability density function (i.e.
small). In aAY. system, the quantization noise is often too largg, (¢) = 1/(¢max — ¢min)) is slightly pessimistic but has the
to allow this nonlinearity to be ignored as if it were a smathdvantage that it simplifies (8) to

03 = E{GQ} = E{@%z(@} =

signal.

To be more complete about some of the details that were , 1 o )
skipped in the example of Figs. 2 and 3, and to emphasize %= A / en(p)dp 9)
the benefit of reduced quantization noise distribution, we can — Pmin

look at another example in Fig. 4. In this example, the entire . .

range of operation has been set to occur on only one side of HREMEAY = Pmax — ¥min IS the range of the\X: jitter present
phase error characteristic curve. Details of how this is done &eth® PFD input. In ()g. is the rms error of the nonlinearity
discussed in Section II-D. Here the linearized gain and offsdyeraged over the range of thet’ jitter. From this rms charge
is fitted to the region where the probability density functior€/T°"> W€ can see that the rms output current error is

fo(®), is bounded. This example uses the same nonlinearity ) o

but a different range of operation. As in the previous example, ten = E (10)
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where T, is the sampling period at the phase detector. This TABLE |
output-referred error can be referred to the input of the phase EFFECT OF THEPOSTDSM RILTER ON DS JTTER
deFector |f.we divide the error by the phase detector conversi AT, Jitter at Divider Output
gain. The input-referred rms phase error at the PFD is (VCO cyeles)
7 4" Order DSM 5" Order DSM
__ “en 11) N
Pen = K ( Without post DSM filter +3.67 +7.30
v With post DSM filter +3.05 +5.11

whereK,, is the conversion gain of the phase detector@and

is the equwal_ent phase error at the phase detector. sent to the phase detector. The current-mode logic (CML) por-
By assuming that this is a sampled-data sequence Wi{fi, of the divider circuit and some CMOS on the analog path

a W_h'te' .cont|nuous spectrum, the spectral density of t%‘?the divider are in the divider block. Most of the basic CMOS

nonlinearity error at the phase detector is logic, which contains no analog information in the timing edges,

i2 is in the digital block so that the CMOS switching noise is less
Se.., = 7 EKI2 . (12) likely to couple into the analog path of the divider. Where the di-
5T

vider block receives several signals from the digital block, these
signals are retimed with the output of the CML to CMOS con-
verter for generating the divider output which goes to the PFD

a?f, for phase comparison. This retiming allows the number of delay
Pept T K2 : (13) stages to be reduced to three even in a low-power divider.

Alternatively, sincef; = 1/T5 we have from 10

The two forms of expressing the phase noise resulting from Digital Block

phase detector nonlinearity can each provide some insight bufvithin the digital control of the divider there are opportuni-
we will stick with the latter form for now. Then the resultingties to manipulate the effect of the nonlinearities described in

in-band phase noise at the phase detector will be Section II-B.
5 AXY. Modulator: As mentioned earlier, higher order modu-
_ <27We> £, (14) lators have an impact on the amount of quantization noise in-
Fent I, troduced into the synthesizer. The DSM is programmable to

low either fourth- or fifth-order noise shaping. This is to allow

irly low-reference frequencies when required. When the de-
sired loop bandwidth is large compared to the reference fre-
guency, fifth-order noise shaping is preferred but extra poles in

I
where K, = (I,/2x) is the gain of the phase detector an%
charge-pump. Since. and/, remain fixed asf; changes ex-
pressing (14) as the following:

V2o the loop filter are required. The output of the DSM is 5-b wide.
L =20log;, I—P + 10log;q fs (15) Post-DSM Filter: In order to obtain extra filtering at fs/2, an
p optional post DSM filter is included in the digital block. This

describes its tendency to behave in the same deleterious fastigf a transfer function df + z~" which has a notch at fs/2 to

Again with five independent noise sources we require of using this feature is that it increases the baseband quantiza-
tion noise by 6 dB. Generally it is more useful when the ratio of

s 10BEM the loop bandwidth to the sampling frequency is low. This extra
I—E < ~Jion = 2.3 ps. (16) filter in the digital block reduces the peak out of band quantiza-
p i

tion phase noise by 4.8 dB for a fourth-order DSM and by 5.7
To put this into perspective, we could calculate an equivale@B for a fifth-order DSM and, thereby, reduces the amount of
linearity in bits. Having an equivalent nonlinear error less thdftering required in the loop filter for a given modulator order.
2.3 ps over a range of operation dfp = 15 VCO cycles or More importantly, for reducing in-band phase noise, it reduces
6.2 ns at 2.43 GHz, requires a linearity better than 11 b.  the active range of the\X jitter coming out of the divider.
Although the discussion here has been presented in termd@ble I summarizes the active range of th¥ jitter for the two
PFD and charge-pump linearity, it should be noted that this r@odulator orders with and without the post-DSM filter.
quirement applies to the divider as well. If the divider has a To be able to use the DSM in any of its desired modes without
2.00 ns delay when dividing by 149, a 2.001 ns delay when diicreasing the amount of noise folding, we have to make sure
viding by 150, and a 2.00 ns delay when dividing by 151, thi§at the linearity specifications are met in the worst-case, which
represents another nonlinearity that can be treated in a simifafifth-order noise shaping without the post-DSM filter. This is
way. In our case study, we used a proprietary form of resynchiother specification that will come back into play when we get
nization to make sure that the divider did not contribute signifto the circuit design of the charge-pump.
cantly to the nonlinearities. )
The divider block contains only the analog path of the conf: Charge-Pump Current Source Noise
plete divider. This analog path is the portion of the divider logic The purpose of the charge-pump is to linearly translate the
in which a VCO edge ultimately triggers a divider output edgeidth of the pump-up (PU) and pump-down (PD) pulses to a



RILEY et al: TECHNIQUES FOR IN-BAND PHASE NOISE REDUCTION IM X SYNTHESIZERS 799

vdd greater than both thAY. jitter on the divider output and the
PU—> Lo nonlinear region of the PFD, all th&} jitter can be placed on
one side of the phase detector characteristic curve.
Vune | We then have two more noise sources to evaluate. The first
P> %oprmer is the error introduced by the pulsed curréntThe equivalent
} noise current density will b& (AT’ /T,) wherei? is the noise
current density in the current soutfe As in the previous cases,
a) Charge Pump with b) Charge Pump with dividing by K, refers this noise to the phase detector input and
High Compliance Current sources Low Compliance Current sources . e
simplifies
Fig. 5. Two types of loop filters. - (27rin)2ATfs (17)
Pin — IQ .

charge transferred to the loop filter. For any charge-pump, the b

charge transferred to the loop filterds = I, AT wherel, is  again, like the other sources of noise, this can be expressed
the pump current andT is the width of the PU or PD pulse. in a form consistent with Banerjee’s rule

Fig. 5 shows two possible configurations for a loop filter.
In the first arrangement, the loop filter is passive and the
charge-pump current sources must continue to work over the
entire tuning range of the \/CO. This requires .the current L = 20log,, V2AT i, +1010g,q fo. (18)
sources to have a high-compliance voltage. Compliance voltage I,
is the voltage range over which a current source is in compliance
with its specifications. For a current source in a charge-pump,Whether or not the noise actually follows the rule clearly de-
these specifications are: peak output current, output impedaraends on whether or nat7" is kept constant af changes. This
noise current etc. In the second configuration, the op-arga situation over which the designer has considerable control
‘pins’ the voltage to some convenient value and the curreby adjusting/,g..:. Clearly asAT increases;, must decrease
sources only need to meet their specifications at that voltage keep the BFM within specification. However, as discussed in
For this synthesizer, the reference voltage is half the sup@gction II-B, we want to keep all of th&: jitter on one side of
rail; ultimately it will be a bias voltage already present on chighe phase detector characteristic curve. The best solution then

The loop filter used with this charge-pump is an active loof§ t0 Se€t/ogsee SUCh thatAT is just slightly larger that the time
filter that inverts the current signal from the charge-pump. Th@rresponding to 15 VCO cycles (the worst-case for our DSM
is an off-chip loop filter with an op-amp but will be replacec@nd post-DSM filter) or to have it change adapting to the min-
with an on-chip op-amp and loop filter in the next version. Noténum offset for each case.
that the locations of the switches controlled by PU and PD haveAs with the other specification requirements, the value inside

reversed in order to accommodate the inversion of current gbe 20 log,, operator must evaluate to something less than 2.3
larity caused by the use of an op-amp. ps if the BFM specification is going to be met in conjunction

The reason for the use of the active filter is to allow one mop&th the other sources of noIse. FAT" = 16Tyco = 6.5 ns
dI, = 500 nA, we requirei, < 3.2 pA/vHz.

degree of freedom in the design of the current sources in tﬂ%_l_h h £ noi sing f the ch ¢
charge-pumps. By relieving the compliance voltage requirement € other source ot noise arising from the charge-pump o
. 5is the fixed offset current and its noise. If its current noise

of the current sources it becomes possible to use much m fg- 215 5 ) ) S
source degeneration. This degeneration makes it easier to. %r)sny ISino, the input referred phase noise contribution from
duce the noise of the charge-pump without making the transis's

tors too large. Since phase noise at the synthesizer output is far (2mine)?

less sensitive to current noise at the op-amp output than it is to Spi. = 5 (19)
current noise at the charge-pump output, the compliance voltage I

requirements can met at the op-amp output WithOUtaSUbStan\E\i/%Iich is constant for any sampling frequency. Since this noise
penalty in noise or area. y pling ireq Y.

) o ) _ source does not follow the same pattern as the others, we have to
One simple way to reduce the difficulties of solving the linge; an acceptable noise level for this at the reference frequencies
earity problem outlined in Section II-B is to inject a small offsef},o synthesizer is desired to operate. With a 16-Mhz sampling

current g..; in the charge-pump. With this, the lock point Offrequency, a BFM of-213 would requiré,, = 100 nA/\/E.
the PLL is no longer at zero degrees of phase offset and, thus,

the residual nonlinearity near the center of the PFD is avoided. = = | ) ) _

By injecting a large enough offset current as shown in b), tffe Limitations of Banerjee Figure of Merit

lock point can be shifted so that only PU is active. This com- grp s, like any benchmark or figure of merit, subject to ma-

pletely avoids nonlinearity introduced by mismatch of the Plipyiation and only applies to noise sources that behave in a par-

or PD currents in the charge-pump. ticular way. We have shown here that in a charge-pump based
Under these conditions, the PLL will lock wheredesignthe majority of noise sources do behave in a manner pre-

I,(AT/T,) = Ioset- By setting Iogeet Such thatAT is dicted by BFM.
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This section describes the synthesizer reference block. Tt ' 'bL“I L‘[
block consists of the crystal oscillator (XTAL) and level-shifting F
buffers.

The XTAL has low-power consumption and operates fromrg. 8. Second-level shifter schematic.
4-16 MHz. It uses subthreshold and self-biasing techniques to
maintain this low power. It is based on a circuit found in [10]. An PU
external decoupling capacitor is required to achieve low noise. gef

The level shifters are used to translate the sinusoidal outpuims——
of the XTAL to CMOS levels in order to make them compatible
with the PFD logic while maintaining the phase noise of the
XTAL.

Qb PUD

Crystal Oscillator: The crystal oscillator is based on a

low-power subthreshold CMOS oscillator techniques from the R PD
1970s. Itis self-biased and has a built in amplitude limiting loop Var D Q PDb
to provide low-phase noise. There is a bank of programmable ®—>/ Qb
resistors to coqtrol the amplitude of qscil!ation a.t var_iou,gg. 9. Phase frequency detector.
crystal frequencies. The theory of operation is described in the

\'4
~

following references [10]-[12]. out
The oscillator simplified schematic is shown in Fig. 6. The

currentinjected by the oscillator is so small compared to the cur- -Vb I

rent through the crystal and the off-chip load capacitors, it pro-

implemented oscillator is also single-ended. However, since the
duces a reasonably clean differential signal. The mismatch be- R1

tween the voltage amplitudes at thg# &and “m” nodes is caused R1
primarily by mismatch in the off-chip load capacitors. v g___4 Mb
Level Shifter: The purpose of the level shifter is to convert .__l Ms
the XTAL output to CMOS logic levels. This means that a si- out
nusoid with an amplitude of approximately 800 mVp-p differ-
ential must be converted to full-swing logic levels #f3 V.
a)n-type b) p-type

Doing this while maintaining the low-phase noise of the crystal,

is not as simple as it may seem. Through many periodic stedgy 10. Switchable current cells.

state (PSS) noise simulations, used to evaluate the rms jitter at

the level shifter output, it was found that the level shifter haghust have the lowest-noise contribution. Once the signal has

to be done in stages to keep the noise low. Attempts to useeached larger swing levels the noise of subsequent stages be-

single-stage approach were too noisy or required more powaromes less significant. Once CMOS levels are achieved, the sub-
The solution used is analogous to a radio receiver. The fistquent stages only contribute to the noise while switching as

stage is like a low-noise amplifier (LNA) in the sense that ithere is no noise gain from input to output once the signal is
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ATTEN1OAB MKR —10.00aBm 10 AB/ SPOTFRQ = 10.0kH=
RL —5 .0dBm 10a8/ 2.434184GH= RL —50 ABc/Hz —96 .6 7dBC/H=z

| 2.43418amn=
-10 .004aBm

M AR
"M
N o,
il \
N44d
CENTER2 .434184GH=z SPAN1.000OMH=z= 100 FREQUENCY OFFSET 10
*RBW100H= VvBW 100H= SWP 80 .0sec Hz FROM 2.434GHz CARRIER MH=z
Fig. 11. Synthesizer output spectrum at 2.434 GHz. Fig. 14. Synthesizer phase noise for 150-KHz loop bandwidth.
ATTEN1O0AB MKR —10.50d4dBm 10 AB/ SPOTFRQ = 10.0kH=z
RL —5.0dBm 10an/ 2.43418252GH= RL —50 ABc/Hz —100.17ABC/Hz
RES BW
1. H=z
I N
CENTER 2.43418250GH=Z= SPAN10.O0OOkH=
*REWI -OHx  VEWI-ORE | SWE S8 - Qe Ha' FROM 2 43 2GHS CARRIER Mhs
Fig. 12. Synthesizer output spectrum at 2.434 GHz. Fig. 15. Synthesizer phase noise for 150-KHz loop bandwidth.
10 aB/ SPOTFRQ = 10.0kH=z=
RL —50 dBc/H=z —94.17dBC/H=z= TABLE I
SPECIFICATIONS SUMMARY
Parameter Value
Supply Voltage 27-36V
Supply Current 6.3 mA
Mﬁﬁwj - ’ Maximum Output Frequency 2.485 GHz
Yy Mooy Minimum Frequency Resolution <100 Hz
W Close-in Phase Noise -97 dBc/Hz*
Close-in Phase Noise -100 dBc/Hz**
M Spurious (Integer boundary) <-60 dBc***
ks Spurious Typical <-80 dBc (noise floor)
* Fractional-N, Fout=2.432 GHz, Fref=16 MHz, Loop Bandwidth 150 KHz.
** Integer-N, Fout=2.432 GHz, Fref=16 MHz, Loop Bandwidth 150 KHz.
**QOnly when within one loop bandwidth of an integer multiple of Fref.
100 FREQUENCY OEFSET 10
Hz FROM 2.434GHz CARRIER MHz

B. Phase Detection Block

Phase Frequency DetectoiThe phase frequency detector is
limited. Our approach of multistage limiting is also similar t@ standard resettabl2 flip-flop-based digital phase frequency
the approach used in IF stages of FM receivers. detector. This is shown in Fig. 9.

First Stage of Level ShiftingThe first stage of level shifting
is shown in Fig. 7. It consists of an ac-coupled bipolar diffec: Charge-Pump
ential pair with resistive loads. There is no current source as aA basic switchable current source cell is shown here in
resistive bias is used. The dc bias is provided by two diodes cdfig. 10(a). The input,s, turns on the switching transistafs.
nected between the inputs and vdd. The on resistance afs is low so that the bias voltagep,
Second Stage of Level Shiftinghe second stage of leveland resistor1 set the current throughb. By using the active
shifting is shown in Fig. 8. It consists of a bipolar differentialoop filter, the current source does not need a high-compliance
pair with cross coupled CMOS loads. The output currents areltage andrR1 can be larger to degenerate the gainMmn
mirrored into a push—pull CMOS output stage. The resultinthis makes the output noise current less dependent on noise
output has CMOS levels. on the bias voltagesb,and less dependent on the noise of the

Fig. 13. Phase noise of synthesizer for 50-KHz loop bandwidth.
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TABLE Il
STATE-OF-THE-ART COMPARISON
Reference Technology Fout Fref Resolution In-band BFM Maximum
Noise Power

(GHz) (MHz) (Hz) (dBc/Hz) (dB) (mW)
Rhee et al [2] 0.5 0 m CMOS 900.03 7.99 <1 -92 -202 43
Rhee et al [3] 0.35 . m BiCMOS 2.47 8 <10 -82 -201 16
De Muer et al 0.25 u m CMOS 1.8 26 400 -60 -171 70
[13]
Perrott et al [7]* | 0.6 u m CMOS 1.84 20 -75 -187
Ahola et al [14] | 0.35 u m CMOS 1.76 13 <51000 -9 -193 22.6
Hengetal [15] | 0.6 » m CMOS 1.715 20 10 -90 -202 140
Willingham et | 0.5 o m CMOS 24 48 50 -100 2211 135
al[4]*
This work 0.35 u m SiGe BiCMOS 2.432 16 <100 97 -213 18

transistorMb. This degeneration also reduces the 1/f noise abise at a 10 KHz offset is 97 dBc/Hz. This difference is due
the current sources when they are turned on. Even with the tig¢he fact that in the 50 KHz case, the in-band VCO contribu-
of source degeneration, the transistors have to be fairly lari@n to the phase noise is not suppressed enough to show the
to allow for low noise. The noise contributions of the currerdctual noise floor of the synthesizer. Opening the bandwidth to
sources were evaluated by placing them in a simulation td80 KHz suppresses the VCO noise enough to view the true
bench where the currents were turned on continuously. Thendase floor of the synthesizer. Because the loop bandwidth has
simple ac analysis was used to observe the simulated curdeeén increased significantly, the loop is less able to suppress out
noise. From this, their contribution to the BFM was calculate@f band quantization noise. This residual quantization noise is
The switching transistors can be smaller to present a lighdearly visible in Fig. 14. The-123 dBc/Hz noise floor shown
load to the PU and PD driving signals from the phase detectahove 2 MHz in Fig. 13 would be inadequate for many appli-
The light load is necessary to obtain fast switching which, ications, but this is entirely contributed by off chip components
turn, prevents the linearity from degrading. Fast switching helfgCO, pad, PA, pad) and measurement error.
to meet the linearity specification which can be simulated by ex- The rms phase error within a 100 MHz bandwidth of the car-
ercising the charge-pump with pulses of linearly varying widther for this synthesizer in Fraction&l-mode is about 08or
and checking that the output charge also varies linearly. 0.9 ps of rms jitter at 2.43 GHz. For bandwidths less than 100
The p-type current source is shown in Fig. 10(b). Itis a p-typdHz, the rms phase error is dominated by in-band noise.
version of the n-type current source just described. Both thelt should be noted that no spurs can be observed over the
p-type and n-type current sources are replicated eight timeduoing bandwidth (16 MHz) except when the synthesizer is
generate the desired S@@\. offset from an integer boundary (output frequency which is an
integer multiple of the reference frequency) by less than the
loop bandwidth of the synthesizer. In this case, a spur appears
at an offset from the carrier equal to the offset from the integer
The synthesizer chip was designed and fabricated in a©.3®oundary. A second spur occurs at one half this offset. Both
m SiGe process. The parts were packaged in a 24 pin leade less then 60 dB below the carrier peak. It is possible to turn
less plastic chip carrier (LPCC) package. A test board withadf the AY. modulator and operate the synthesizer in intdder-
16-MHz crystal, an op-amp based loop filter and external VC@ode. This was done in order to see if the phase noise changed.
was built. Two versions of this board were built. One with &he resulting phase noise plot is shown in Fig. 15 for the 150
50 KHz loop bandwidth and the other with a 150 KHz loofiKHz case. It can the seen that the phase nois€lid0 dBc/Hz
bandwidth. The output frequency range is 2.4-2.485 GHz. Thea 10-KHz offset. The residual quantization noise is no longer
output spectrum of the synthesizer is shown in Fig. 11 formesent due to integéd-operation. The 3-dB increase in phase
1 MHz frequency span at an output frequency of 2.434 GHgoise in fractional mode is due to residual nonlinearity in the
Fig. 12 shows the output of the synthesizer with a 10 KHz fré&FD which folds high-frequency quantization noise into the
guency span. These are for the 50 KHz loop bandwidth boarsimthesizer baseband. The rms phase error within a 100-MHz
and fractionalN operation. bandwidth of the carrier in integéd-mode is about 06or 0.7
The synthesizer phase noise for a 50 KHz loop bandwidthps of rms jitter at 2.43 GHz.
shown in Fig. 13 and the phase noise for a 150 KHz loop band-The synthesizer has a control feature which allows the dc
width is show in Fig. 14. In both cases, the synthesizer is phase offset to be disabled. Turning off this offset in intelger-
fractionalN mode. For the 50 KHz case, the phase noise at@de has no effect on in-band phase noise. However, if the
10 KHz offset is—94 dBc/Hz. For the 150 KHz case, the phaseffset is disabled in fractionat mode the in-band phase noise

IV. EXPERIMENTAL RESULTS
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increases by as much as 20 dB. This illustrates the effect of PF@1] E. vittoz, M. Degrauwe, and S. Bitz, “High-performance crystal oscil-

dead-zone nonlinearity on fractionsleperation. lator circuits: theory and applicationEEE J. Solid-State Circuits/ol.
. e . . 23, pp. 774-783, June 1988.
The synthesizer specifications are summarized in Table . [12] D. Aebischer, H. Oguey, and V. R. von Kaenel, “A 2.1-MHz crystal

The BFM for this synthesizer is 216 dB in intege™N mode oscillator time base with a current consumption under 500 HBEE

and degraded te-213 dB in fractionalN mode. However, this J. Solid-State Circuitsvol. 32, pp. 999-1005, July 1997.
d dati d t ari from a simple linear addition OPS] B. De Muer and M. Steyaert, “A CMOS monolithicX-controlled frac-
egracation does not anse p tional-N frequency synthesizer for DCS-1800FEE J. Solid-State Cir-

added quantization noise. Rather, it is due to nonlinearity in the  cuits vol. 37, pp. 835-844, July 2002.

PFD and charge-pump and noise in the offset current. Table 4] R. Ahola and K. Halonen, A 2 GHAY, fractionalN synthesizer in
. . . 0.35um CMOS,” in Proc. Eur. Solid-State Circuits ConfStockholm,
presents a comparison of the synthesizer presented here with g cgen. Sept. 2000, pp. 472-475.
other state-of-the-art synthesizers. The table includes the abowg] C.-H. Heng and B.-S. Song, “A 1.8 GHz CMOS fractiofrequency
BEM for in-band phase noise. synthesizer with randomized multi-phase VCO, Hroc. Custom Inte-
grated Circuits Conf.Orlando, FL, 2002.

V. CONCLUSION Thomas A. D. Riley (M’'82) received the B.E.Sc.

degree from the The University of Western Ontario,
London, ON, Canada, in 1982. He received the
M.Eng degree from Carleton University, Ottawa,
ON, Canada, through a cooperative research program
with Mitel Semiconductor in 1989.

From 1982 to 1986, he was with Phillips Cables,
Brockville, ON, a high voltage cable manufacturing
company. Since 1995, he has been a Researcher at

A 2.4 GHz AY: fractionalN frequency synthesizer has beet
presented which was implemented in a 0,88-SiGe process.
The synthesizer exhibits a low in-band phase noise-6¥
dBc/Hz@10 KHz offset for an output frequency of 2.434 GH
in fractional-N mode. This is a figure of merit (BFM), for
in-band phase noise, 6f213 dB. In integeN mode the phase
noise is—100 dBc/Hz@10 KHz which is a BFM of 216 dB. the University of Oulu, Oulun, Finland. He has also

. . . . worked with Philsar Semiconductor, where he devel-

The techniques used to design the synthesizer are explaiggg three fractionak synthesizer chips.
in detail. We have described the use of BFM in a systematic ap-
proach to addressing in-band phase noise that gives a very e
indication of how difficult the circuit design problems will be.
We have shown how the most important sources of noise,
cluding noise folding, all correspond to an equivalent rms jitte
and thus contribute to the typical charge-pump behavior ¢
scribed in Banerjee’s equation. The techniques presented
appear to be adequate to create a state of the art synthesiz
terms of in-band phase noise.
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