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SYNTHESIZER DESIGNS
MINIMIZE PHASE NOISE
IN CELLULAR SYSTEMS

Performance and cost tradeoffs are analyzed for a
variety of single- and multiple-loop architectures.

S cellular communiea-
tion systems evolve from analog-FM to
fully-digital implementations, attention
is being foeused upon frequency-synthe-
sizer approaches that deliver adequate
speciral purity and cost effectiveness, A
variety of design approaches are avail-
able that satisfy the stringent synthe-
sizer requirements of time-domain-mul-
tiple-access (TDMA)-based systems.

While single-loop synthesizer
designs have proven adequate for
analog cellular applications, digital
cellular systems, in particular
TDMA schemes using w/4-DQPSK
(differential quadrature phase-shift
keying), have considerably more
rigid design margins. In comparison
to emerging code-division-multiple-
access (CDMA)-based systems,
phase noise has a more direct bear-
ing on (uncoded) residual bit error
rate (BER) in TDMA schemes. In
addition, TDMA requires a fairly
rapid frequency-switching speed in
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order to monitor alternate channels.
Stringent diserete-spurious re-
quirements are imposed upon cellu-
lar equipment in order to prevent
adjacent-channel interference. Dis-
crete spurious performance in the
receive mode is also important in the
minimization of receiver desensitiza-
tion in the presence of strong adja-
cent signals. Typical discréte spuri-
ous requirements developed by the
Electronie Industries Association
(EIA) are ~60 and -75 dBe below and
above 45-kHz offset, respectively.!
Given the normal 30-kHz channel
spacing, it is often more difficult to
meet the spurious requirements at
60-kHz offset than at 30-kHz offset
because of more stringent specifiea-
tions. Moreover, any additional loop
filtering must normally first handle
the spurious components at 30 kHz.
Phase-noise requirements for
TDMA digital cellular operation

must be based in principle upon a sys-
tem-wide error budget which consid-
ers a wide range of design factors.
All systems must also meet certain
spectral-mask guidelines in order to
prevent interference with other sta-
tions. Many factors contribute to the
overall system BER performance,
including demodulator type (e.g.,
coherent or noneoherent differen-
tial), quantization effects, receive-
filter mismatch, post-detection pro-
cessing, and phase noise. Although
the emerging US cellular standard
employs w/4-DQPSK, other modula-
tion types, such as 8-PSK and 16-
QAM (quadrature amplitude modu-
lation), are also being considered for
specialized services. The added
throughput offered by these wave-
forms further complicates the phase-
noise issue.

A simple (yet overly pessimistic)
measure of synthesizer phase-noise
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performance can be obtained by
integrating the output phase-noise
speetrum over the matched-filter
bandwidth to arrive at a root-mean-
square {RMS) phase-jitter value for
the synthesizer noise. It is not un-
usual to specify this value at less
than 5 deg. for the w/4-DQPSK
waveform. However, the actual
value should be based upon the wide-
ranging systems issues. If frequen-
cy-diseriminator detection is used in
the receiver, a more suitable mea-
sure of synthesizer phase-noise per-
formance is the RMS phase accumu-
lated over an individual symbol
period. This may be calculated as:

o’ = E{0(t—T) 6(1)}

where:

T = symbol period,

E{} denotes statistical expecta-
tion, and

B = instantaneous carrier phase.

In general, phase-noise perfor-
mance becomes increasingly de-
manding as the signal-consteliation
complexity is increased.

TYPE-2 PLL

Before proposing any new degign
architectures, it is helpful to exam-
ine the role of traditional approach-
es in the present TDMA cellular
context. The type-2 phase-locked
loop (PLL) has been the traditional
approach to frequency synthesizer
design for many years.>?

A typical type-2 PLL (Fig. 1) uti-
lizes a three-state phase detector.*®
The normal post-detection RC filter-
ing precedes the lead-lag filtering in
order to limit the slew rate into the
operational amplifier to function as
an a%proximation te a zero-order
hold.” Although this type of phase
detector can exhibit excellent spuri-
ous performance, additional spurious
rejection is necessarily provided by
the third-order elliptie filter immedi-
ately preceding the voltage-con-
trolled oscillator (VCO). A PLL case
study with the following design pa-
rameters can be examined:

Reference frequency (Fo.p =1
MHz

Final feedback divider ratio
(Nyyop) = 100

Damping factor () =0.75
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VCO tuning sensitivity (K,)= 25
MHz/V

Phase-detector gain (K4) = 0.8
V/radian

In Fig. 1, resistors R, and R, are
taken to be 1 k(}, while capacitors C,
and C, are assumed to be 500 pF. Us-
ing these values, 2 number of tran-
sient-response simulations were run
in order to estimate the switching

time required for different leop
bandwidths and varying degrees of
reference-spur filtering. The results
of this study ecan be normalized for
any desired F ¢ (e.g., 30 kHz for dig-
ital cellular).

The frequency step (AF) used to
examine each loop’s transient re-
sponse was generated by synchro-
nously changing the feedback di-
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switching speeds could be based up- ) R “:1| PLL-based frequency
on a normalized loop bandwidth. This b i | synthesizers.
permitted clear observation of the _-3-_=“R|-_ '. [ |
elliptic filter’s impact upon switching '
speed. The integrator time constant A
(12) and K, were also adjusted in
order to keep { equal to 0.75 at N,
= 100. Capacitors Cy and C, were
both taken to be 1000 pF. 3

PERFORMANCE PLOTS

Graphical results were obtained
for the compiled simulation. The key
design parameter for spurious per-
formance is normally the decibel
level below the carrier of the first
discrete sampling spur, which for 30-
kHz channel spacing would general-
ly oceur at 30-kHz offset. For this
reason, all curves are plotted with
respect to the loop-filter attenuation
at 0.95 F,.; (where F . is the posi-
tion of the elliptic filter zero). This
characterization requires indepen-
dent assessment of the phase detec-
tor’s raw spurious performance in
order to determine the actual spuri-
ous level at the synthesizer output.

Figure 2a shows the normalized
switching speed with respect to the
loop-filter attenuation at 0.95 F ..
The switching speed is quantified in
terms of the natural logarithm of the
number of reference sampling peri-
ods required to achieve phase lock,
In all eases, the magnitude of the fre-
quency hop was assurned to be small
enough so that no eycle slipping oc-
curred at the phase detector (i.e., lin-
ear operation). The definition of
phase lock was taken to be the point
in time at which the VCO output
phase error was less than or equal to
5 deg. with respect to the final out-
put steady-state phase. As the plot
shows, the additional discrete spuri-
ous attenuation is a strong funetion
of the closed-loop bandwidth. As
shown for all cases, a small amount of
additional filtering by the elliptic fil-
ter provides a slight improvement in
switching speed. Excessive filtering,
however, leads to increased locking
times and decreased system-stabili-
ty margins.
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synthesizer.

In actual practice, this data cannot
be viewed independently of the
Natart value at each o, T because each
loop case is frequeney-hopped by a
different amount. Additional switch-
ing time must also be included for

4. Settling-time (a) and phase-margin (b) perfermance hluts weré ohiaiﬁed fora ﬁpe-1 PLL '

the nonlinear portion of the switch-
ing transient present with larger

frequency hops.

In Fig. 2b, the closed-loop phase
margin is plotted with respect to the
corresponding loop-filter attenua-
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tion parameter. Although loop sta-
bility is an obvicus requirement, a
reasohable phase-margin value is
necessary because it influences the
amount of VOO frequency over-
shoot. In steady-state, this value
directly affects how much VCO
phase-noise “peaking” will be ob-
served in the vicinity of the system’s
natural frequency (w,). A large
amount of peaking leads to unac-
ceptable phase-noise shoulders in
the output spectrum.

Figure 2¢ shows the amount of
VCO frequency overshoot for each
loop case with respect to the loop-fil-
ter attenuation parameter. A large
overshoot is undesirable because it
indicates excessive lock-up time. In
addition, if the overshoot results in
saturation of the control-loop elec-
tronics (e.g., loop-filter output put on
avoltage rail), substantial switching-
speed decrease will be observed in
comparison to the data of Fig. 2a be-
cause the linearity assumption will
be viclated.

Phase-noise performance compar-
isons for these cases require addi-
tional assumptions to be made
regarding the VCO phase-noise
spectrum and the noise floor of the
control-loop eleetronics (loop filter,
feedback divider, ete.). If the phase-
noise contributions from the VCO
self-noise and the loop-electronics
noise floor are viewed as statistical-
ly-independent quantities, each con-
tribution can be evaluated indepen-
dently, with the results combined on
a variance (i.e., power) basis,

In order to pursue this analysis,
the closed-loop transfer functions
corresponding to the PLL of Fig. 1
must be computed. The most tedious
part of this task is deriving the trans-
fer function for the third-order ellip-
tic filter. This analysis is simplified if
it is assumned that the elliptic filter is
designed to accommodate an infinite
load impedance rather than designed
to be equally-terminated. With this
assumption, a complete example
computation for the closed-loop
transfer functions can be performed
easily using an analysis program
such as MathCad from MathSoft,
Inc. (Cambridge, MA).

The combined spurious, phase-
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noise, and switching-speed require-
ments are difficult to meet with off-
the-shelf, highly-integrated PLL
devices. As a result, a number of
semiconductor suppliers are consid-
ering new approaches to deal with
this design problem.

TYPE-1 PLL

Traditionally, type-2 PLLs have
been used in most frequency-synthe-
sizer designs. Prior to the availabili-
ty of highly-integrated PLL devices,
this approach was easily justified
based on circuit complexity, let alone
other factors, such as post-tuning
drift.

A number of manufacturers pro-
vide highly-integrated PLLs with a
selection of phase-detector types.
The phase detector of interest here
is the linear sample-and-hold (S/H)
phase detector. A type-1 PLL using
this phase detector is the optimal
choice for very-high-speed switching
applications since it can theoretically
achieve frequency-lock in only one
reference sample period.”®

Some caveats of the type-1 archi-
tecture are worth noting sinee most
designers are not familiar with the
approach. First, the S/H phase de-
tector must generally be augmented
with additional frequency-diserimi-
nation eireuitry to achieve guaran-
teed frequency pull-in. This can be
avoided if the phase-detector beat-
note frequenecy is always well within
the system’s closed-loop bandwidth.

Secend, although normally only a
problem at much higher VCO fre-
quencies with switching speeds
below 50 ps, the type-1 architecture
is not nearly as immune to VCQ post-
tuning drift problems as the type-2
scheme. Post-tuning drift, however,
should not be an issue with most cel-
lular applications.”

TYPE-1 STUDY

A case study was done for a type-
1 frequency synthesizer designed
with a third-order elliptic lowpass
filter for improved spurious perfor-
mance (Fig. 3, Table).

Unlike the type-2 PLL, capture
range and closed-loop bandwidth
cannot be independently specified in
a type-1 system. This made exami-
nation of very-small closed-loop-
bandwidth systems difficult, even
when employing computer simula-
tion. To avoid VCO pretuning, the
lower-bandwidth limit for type-1
systems is often set by the output-
tuning bandwidth which determines
the required loop-capture range.

The type-1 analysis was per-
formed using a 30-kHz F,.s with
settling time plotted in milliseconds
rather than as a function of sample
periods. A fixed frequency hop of 10
MHz was assumed for the transient
analysis. As shown in Fig. 4a, a wide
range of loop bandwidths and ellip-
tie-filter combinations can theoreti-
cally provide switching speeds below
1 ms. Loop-filter attenuations on the
order of 110 dB at (.95 F,; are also
attainable, which is in sharp contrast
to the type-2 unhormalized perfor-
mance. The type-1 system also has
an inherently larger phase margin
than the type-2 PLL scheme and, as
Fig. 4b illustrates, is considerably
more tolerant to additional filtering.
In ecomparison to the type-2 archi-
tecture, VCO frequency overshoot
during the transient response is
almost nonexistent up to very high
filtering levels.

Referring to Fig. 4a, a loop design
utilizing an o /F . of 0.30 at an
attenuation level of 100 dB would be
an excellent design starting point.
The clozed-loop bandwidth is reason-
ably small at 1432 Hz, which leads to
a fairly small phase-noise pedestal
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around the carrier, Nevertheless,
the design margins for phase noise
and sampling spurs are not large and
therefore do not necesgitate critical
design consideration.

The principal drawback of the
type-1 design or any basic single-
loop approach is that a fairly sub-
stantial closed-loop bandwidth is re-

SYNTHESIZER DESIGN

quired in order to obtain 1-ms
switching speed. At a synthesized
output frequency of 900 MHz, the
large feedback divider ratio N (on
the order of 30,000) leads to fairly
high phase-noise levels within the
loop bandwidth, thereby affecting
BER performance. This noise con-
tribution can only be reduced by
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decreasing N, which in effect re-
quires an alternate synthesizer
architecture.

DESIGN OPTIONS

Frequency-synthesizer design for
next-generation TDMA, dipital cel-
lular systems must achieve a careful
balance between cost and perfor-
mance. Since market gquantities are
very large, special-purpose rather
than general-purpose design ap-
proaches are acceptable. A number
of synthesizer topologies are suit-
able for different levels of cellular
service.

The most simple synthesizer op-
tion is the single-loop design, which
has been used extensively through-
out the analog-FM cellular world
(¥ig. 6a). For next-generation ser-
viee, this architecture suffers from
marginal phase-noise and switching-
speed performance, particularly
when using the traditional type-2
approach. Through careful attention
to detail, it may be possible to
achieve the needed near-term re-
quirements in a type-1 architecture,
but design margins may be unac-
ceptably small.

The prineipal cost elements in any
cellular synthegizer, in order of de-
creasing cost, are generally the
VCO, the loop-filter electronics, and
the phase-detector/feedback-divider
electronics. With this in mind, a sen-
sible next-generation alternative is
the fractional-N approach (Fig. 5b),
which requires only one VCO. The
peak fractional-N spurious compo-
nent can have a peak phase deviation
of up to 2 radians. Therefore, in order
to obtain —60-dBe fractional-N spurs,
a minimum of 60-dB loop-filter
attenuation would be required if no
feedforward fractional-N correction
is ineluded. In general, the feedfor-
ward correction is a difficult function
to implement in highly-integrated
form. Without the feedforward cor-
rection, excessive loop-filtering re-
quirements will substantially limit
the achievable switching speed.

A less aggressive single-loop al-
ternative to the full fractionai-N im-
plementation is the use of a single-
sideband (SSB) mixer to offset the
VCO frequency in 30-kHz incre-
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ments, thereby filling in the channels
at 300-kHz increments (Fig. 5¢).

The mixer’s unwanted sideband
suppression does not have to be very
good in order to avoid miscounts by
the feedback frequency divider, The
closest spurious component which
must be combatted by this architec-
ture is offset 30 kHz from the carrier
and arises from carrier leakage
through the mixer. The primary spu-
rious term which must be eliminated
is caused by the other prineipal mix-
ing product, which is offset 60 kHz
from the carrier.

This approach is based upen the
fundamental notion that since the
offset frequencies and F; are inte-
gral multiples of 30 kHz, the sam-
pling theorern dictates that aliasing
effects will not produce any spurious
components closer than 30 kHz from
the carrier. Loop-filtering require-
ments may be reduced dectbel-for-
deeibel depending on the perfor-
mance of the SSB mixer. Since the
percentage-bandwidth tuning range
for digital cellular is quite small, ex-
cellent sideband-mixer performance
should be possible. Creation of the
offset frequency from 30 to 270 kHz

SYNTHESIZER DESIGN

should be a very-low-cost procedure
given modern CMOS technology.

A closely-related design alterna-
tive is an offset concept where the
SSB mixer is replaced by a conven-
tional mixer and the low-frequency
offset source is replaced by an RF
source in the 900-MHz range (Fig.
5d). Depending upon the overall fre-
quency plan for the cellular equip-
ment, it may be convenient to create
the additional RF source using an
injection-locked osciliator. This ap-
proach leads to exceptional phase-
noise performance due to the small
N. However, since the channeliza-
tion is still driven by F_; (30 kHz),
switching speed may still be a prob-
lem. In general, some form of gain
compensation would also be required
within the control loop to compen-
sate for large changes in N. Other-
wise, unacceptable variations in {
and o, could be experienced.

MULTIPLE LOOPS

A dual-loop option utilizes two
separate PLLs, with each loop using
a different . ; to synthesize 30-kHz
channel steps (Fig. be). This results
in an obvious increase in complexity.

However, the approach can be used
to easily synthesize 5- or 10-kHz
channel steps while retaining the
fairly high F,.. This provides fast
switching speed and improved close-
in phase-noise performance. It is im-
portant to note that in this archi-
tecture the phase noise which is
far-removed from the carrier is sole-
ly determined by the phase-noise
performance of VCO1. Since the
lower-loop portion of the synthesiz-
er is only involved with the close-in
phase-noise performance of the syn-
thesizer, VCO2 can be made com-
pletely monolithie. Injection levels
from VCO2 into the mixer may be
as low as =30 or —40 dBm in princi-
ple since close-in phase-noise levels
are generally many decibels above
the Boltzmann-level-induced phase
noise. This fact can be used to mini-
mize oscillator isolation problems.
Finally, a triple-loop configuration
can be examined (Fig. 5f). In princi-
ple, PLL1 can be replaced by a direct
digital synthesizer (DDS), but the
phase-locked approach produces
lower spurious levels, generally re-
quires less power, and is less expen-
sive in monolithic form. The phase-
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locked design is also attractive
because no high-apeed digital-to-
analog converters (DACs) or anti-
aliasing filters are required. Since
the large-offset phase-noise perfor-
marnce of the synthesizer is deter-
mined by VCOI, both the fine and
course PLLs ean be made monolithic
in order to minimize cost and size,
This architecture offers exceptional
phase-noise and spuricus perfor-
mance with fast switching speed at
an atiractive cost, provided that
monolithie solutions are employed.

ANALYSIS TOOL

Phase-noise considerations for cel-
lular ecommunications require special
attention if the end design is to be
made a8 simple as possible. Although
phase-noise requirements may be
deduced through careful system
analysis and planning, retrofitting
existing equipment for cellular ser-
vice can be extremely difficult when
the baseline-system budget infor-
mation is unavailable. Even when
detailed analytical background
material is available, some form of
hardware validation of the frequen-
cy-synthesizer phase-noise and spu-
rious requirements would be very
useful. Other high-gpeed synthesis
requirements, such as those needed

for fiber-optic communication sys-.

tems, encounter similar design prob-
lems. The NLO-100 general analysis
and diagnostic tool has been devel-
oped in response to these problems.

The NLO-100 analysis tool pro-
vides a completely-programmable
phase noige or discrete spurious-out-
put spectrum covering a bandwidth
of =100 kHz around an arbitrary
carrier frequency. The device uses
embedded digital-signal-processor
(DSP) technology and a user-friend-
ly AT-computer interface to allow
creation of arbitrary local-oseillator
(LQ) spectra for performance test-
ing of cellular and other types of
equipment with different phase-
noise levels. This allows the enhance-
ment or replacement of time-inten-
sive system modeling with tangible
real-time hardware for phase-noise
simulation. The NLO-100 can also be
used to create arbitrary jitter spec-
tra for the evaluation of high-speed
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digital clock generation and recov-
ery, such as that required in fiber-
optic systems.

Two metnory options provide com-
pletely-programmable phase-noise
spectra in increments of 2.5 or 10
Hz. Discrete spurious elements are
input in tabular form, while continu-
ous phase-noise spectral input is
greatly facilitated by allowing the
user to enter the phase-noise spec-
trum as a template which is then
mathematically generated using sta-
tionary, two-dimensional, fikered
random processes. The NLO-100 can
also be used to create completely-
arbitrary, constant-envelope modu-
lation waveforms over time periods
up to approximately 400 ms.

The NLO-100 provides a very
clean phase-noise spectrum without
phase-noise impairment. Disecrete
spurious lines which are normally
exhibited by phase-locked sources
can eagily be added, Almost any con-
tinuous phase-noise spectrum within
the 200-kHz bandwidth can be pro-
grammed, as illustrated by the plot
of a grossly-underdamped PLL out-
put spectrum (Fig, 6a). In this plot,
the close-in phase-noise floor was set
to 60 dBe/Hz and a type-2 PLL was
assumed with an f; of 10 kHz and { of
0.20 to accentuate the noise peaking.

Low-noise, high-selectivity spec-
tra are also handled, as shown in Fig.
6b, where the close-in phase-noise
level was set to -80 dBe/Hz, while £
and { were set to 5 kHz and 0.30,
respectively. »e

Note
The NLO-100 is available from ComFocus Corp,, with
higher-bandwidth products to follow, Data sheets can be
obtained by request.
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