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Abstract— This paper presentsa frequencyplan for
a superheterodyne OFDM transceiver for the 60 GHz
band. We derive an approximation for the rms phase
error of the phase-locled loop (PLL). The phaseerror
is related to the phase noise levels of the voltage-
controlled oscillator (VCO) and the crystal reference,
the PLL division factor, the second-order loop pa-
rameters, and the OFDM carrier spacing We verify
our approachby comparisonwith the simulated phase
error and BER including correction of the common
phaseerror for a 16-QAM OFDM system.The model
drastically simplifies noise optimization of PLLs.

. INTRODUCTION

Orthogonal frequengy division multiplexing
(OFDM) has become popular in WLAN systems
for its flexibility to adapt transmissionrates, its
high spectral efficiency and its robustnessagainst
multi-path fading. The unlicensed band from
57 GHz to 64 GHz provides the possibility of
gigibit-persecond wireless communications. The
high oxygen absorptionallows agressre frequeny
re-use. Furthermore,due to the short wavelength,
on-chip antennas become feasible. As far as
frequeny synthesisis concerned,the high phase
noise of 60 GHz oscillators representsthe main
obstaclefor OFDM. For a low-costimplementation,
silicon-based designs are highly desirable. The
phase noise of the integrated voltage-controlled
oscillators(VCO) is relatively high due to the lack
of high-quality passves. As a result, the phase
noise may limit the transcever performance.This
is especially critical for the 60 GHz band, since
the VCO phasenoise at a given frequeng offset
increaseswith the oscillation frequeng. In order
to generatestable radio frequenciesphaselocking
to a clean referenceis required. This also reduces
the oscillator phasenoise within the bandwidth of
the phase-lockd loop (PLL). A first integratedPLL
for 60 GHz in a SiGe BiCMOS technology was

presentedecently[1].

The phaseerror (jitter) of a PLL is stronglycorre-
latedwith the bit errorratein an OFDM systemand
must be minimized. This includesthe minimization
of the VCO phasenoise mainly by improving the
quality factor of the resonancecircuit, but also the
optimization of the loop dynamics.During the last
few years, mary paperson PLL jitter simulation
were published[2]-[7]. They aremostly focussedon
behavioral circuit simulation.For systemsimulations
a more abstractPLL modelis requiredto minimize
the simulationtime and the requiredknowledge on
circuit level. In [8]-[10] phasenoise has beendis-
cussedin the context of OFDM. The phasenoise
model usedin thesepapersis basedon a Wiener
process,which is low-passfiltered in the PLL. In
reality, a combinationof high-pasdiltering andlow-
passfiltering takes place in a PLL. This must be
reflectedby the PLL model.

The rms phaseerror can be representedas an
integral of the phasenoisespectrumover frequeng.
Dueto thefinal lengthT;,, of anOFDM symbol,noise
frequenciesnuchbelow 1/7, will hardly affect the
OFDM system,if the commonphaseerror (CPE)is
removed using pilot tones.As a result, a high-pass
weightingfunctionfor the PLL spectruncanbeused
to describethe CPE correction[11]. This weighting
function reducesthe effect of phasenoise in an
OFDM system,especiallyif 1/T;, is larger thanthe
loop bandwidth[12]. Integrating the weighted PLL
spectrum,an effective phaseerror o is obtained,
which includesCPE correction.

This paperrelatesthe effective PLL phaseerroroy
to circuit parameterg&nd the OFDM symbollength.
A strong correlation of o, with the bit error rate
(BER) of the OFDM systemis demonstratedThe
PLL phasenoiseperformancecanbe optimizedwith
little effort by minimizing o.



Il. FREQUENCY PLAN FOR OFDM TRANSCEIVER

The existing IEEE 802.11astandardis perfectly
suited for datatransmissionat moderatedata rates
underdifficult channelconditions.A combinationof
such a systemwith a high-rate OFDM system at
60 GHz in a silicon-basedow-costimplementation
would be perfectlysuitedfor awide rangeof applica-
tions.Usinganintermediatdrequeng (IF) of 5 GHz
for our 60 GHz systemallows re-useof circuit blocks
developedfor IEEE 802.11a.

The designof a programmablePLL at 60 GHz
turnsout to bedifficult. We favor a superheterodyne
architecturewith aprogrammabld’LL around5 GHz
for three reasons.First, compatibility to the IEEE
802.11aWLAN standards facilitated. Second tun-
ing over 1-2 GHz seemspossiblewith an integrated
solution in this frequeny range. Third, the image
frequeny is about10 GHz away from the channel
and can be filtered out by an integratednarravband
low-noiseamplifier.

The first down-corversionof the potential OFDM
bandfrom 57 to 64 GHz canbe performedby using
a fixed-frequeng PLL at 56 GHz as illustratedin
Fig. 1. Here we have subdvided the whole spec-
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Fig. 1.  Potential OFDM band and its subdvision into 14
subbandsof 500 MHz before and after first down-corversion.
Thick lines indicatebandof a first demonstrator

trum into subbandsof 500 MHz. Focusingon the
frequeng range around 61 GHz, we needa PLL
around5 GHz for the seconddown-corversion to
basebanalsoshownn in Fig. 1. In orderto relax the
filter requirementsponly 400 MHz of a 500 MHz
band will be used,while the remaining 100 MHz
sene asguardbandsas showvn in Fig. 2.

A possiblerealization of a fixed-frequeng RF
synthesizeras presentedn [1] is showvn in Fig. 3.
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Fig. 2. OFDM subbandafter seconddown-corversion. Thick
lines indicateusefulrange.

It generatesa signal of 56 GHz for the first down-
corversion. The IF PLL showvn in Fig. 4 selects
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Fig. 3. Possiblerealizationof a56 GHz PLL for thefirst down-
corversion.

betweerthetwo subbandsangingfrom 60.5-61GHz
and61-61.5GHz, respectiely. However, it canthe-
oretically be extendedto all 14 subbandsprovided
that the VCO hasenoughtuning range.In orderto
achieve a wide tuning range at low noise, a dual-
loop architectureas describedin [13] is suggested.
An array of switchablelF VCOs might be an option
for a very wide tuning range.

The default settingsof the programand swallow
counter values are P=26 and S=2 resulting in an
output frequeny of 5.25 GHz. Togetherwith the
56 GHz RF synthesizerthis frequeng is suitedfor
down-corversion of the 61 GHz - 61.5 GHz ISM
bandto basebandln orderto achieve compatibility
with 802.11a,a 20 MHz frequeng spacingat the
PLL output is required, which correspondsto a
4 MHz input frequeng. Boththe 4 MHz for 802.11a
andthe 5 MHz requiredfor the suggesteds0 GHz
implementatiorcanbe derived from the samecrystal
oscillatingatM x (20 MHz) by dividing thefrequeng
by 5M or 4M, respectiely, where M is an integer
number

Figure 5 shawvs a schematicview of an integerN
chage-pumpPLL asusedin moderncommunication

PHASE NOISE MODEL
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Fig. 4. Possiblerealizationof a programmabldF PLL for the
seconddown-corversion.

systems A PLL locks a noisy VCO to a relatively
cleanreferenceoscillatot typically a crystal. Since
the VCO frequengy is usually much higherthanthe
referencefrequeng, the VCO outputis divided by
aninteger N beforethe phaseis comparedwith the
referencein a phase-frequencdetector(PFD). The
PFDin conjunctionwith a chage pump(CP)chages
or dischages a low-passfilter (LPF) by a current
proportionalto the phaseerror The output of the
LPF is connectedo the control input of the VCO.
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Fig.5. Schematiosiew of a chage-pumpPLL. Thenoisy VCO
outputis divided by N and phase-lockd to a relatively clean
referenceto definethe outputfrequeng andto cleanthe VCO
phasenoisespectrum.

The phase noise of the free-running reference
oscillatorasa function of the frequengy offset f can
be modeledby

A 2
Swee(f) = s SEEL @
where Sgrer is the phasenoise measuredat the
specificoffset A f. Similarly, the phasenoiseof the
free-runningvVCO is modeledby

2
Svco(f)=svco(Af)(AfJ;) L ©

ThephasenoiseS canbedeterminedrom thesingle-
sidebandphasenoise £ in units of dBc/Hz, which

is specifiedin datasheetsaccordingto
S =10%/10, (3)

It is importantto note that £ must be taken at a
specific offset Af in the region of the spectrum
with a -20 dB / decadeslope. For moderateand
large frequeng offsets the single-sidebandphase
noise equalsthe power spectraldensity of the phase
[7]. The difference betweenthe two gquantities at
low offsetsdueto flicker noiseis not relevant here,
sincethe spectrumis high-pasdfiltered as explained
below. Thefilter bandwidthfor the systemswve have
in mind is much larger than typical flicker noise
cornerfrequenciesThereforewe will notdistinguish
betweenthe single-sidebandphase noise and the
power spectraldensityof the phasen the remainder
As shown in [14], the referencenoisein a PLL is
low-pasdiltered, while the noiseof the VCO is high-
passfiltered. The complex low-passfilter function
is denotedas Hipr(s), Wwheres = jw = j2rnf.
The phasenoise spectrumof the referenceneeds
to be multiplied by N?|Hypr(s)|?, whereN is the
frequengy division factor of the PLL. Although the
phasenoise of the referenceis typically lower than
that of the VCO by mary ordersof magnitude,it
may becomecomparabldo the VCO noise,if alarge
division factor is employed. For instance the value
of N=1024in [1] correspondgo an increaseof the
phasenoise by about 60 dB as it appearsat the
PLL output. The VCO noise spectrumin the PLL
is high-passfiltered by the function | Hypr(s)|? =
11— Hrpr(s)|*.

In additionto noisefiltering dueto PLL operation,
the removal of the commonphaseerror (CPE)in an
OFDM systemresultsin further high-passfiltering
[11]. In an OFDM systemthe carriersare separated
by the carrier spacing(Af)car = 1/T,, Where T,
is the useful part of the symbollength, that is, the
length of the Fourier transformationintenal [8]-
[10]. Combiningall theseeffects, we obtain for the
weightedPLL phasenoisespectrum

Spr1, = (Svco|1 — Hrpr|® + N2SREF|HLPF|2)
X [1 - sincz(fTu)] , 4

wherethe “sinc” function is definedby sinc(z) =
sin(rz)/(mz). Thermsphaseerror, sometimegalled
absolutephasgjitter, is given by [7]

B/2
oy [rad] = \/ 2 /0 df Spri(f)- (5)

The upper integration limit is half the bandwidth
of the whole OFDM band. This corresponddo the



“middle-carrier” weightingfunction asrepresentatie
for the whole OFDM signal[11]. A PLL is usually
modeledas a second-ordesystem.For the chage-
pump PLL under considerationthe LPF transfer
functionis given by [14]

2¢wy,s + w2
82 + 20wps + w2’
where( is the dampingfactor andw,, is the natural
angular frequengy. For ¢ > 1 the PLL can be
approximatedoy a first-ordersystemaccordingto
Wi

Hypr(s) = st (7)
where the loop bandwidth (in rad/s) is given by
w; = 2(wy,. Equation(5) in conjunctionwith (4) and
thefilter function (6) or (7), respectiely, allows the
effective phaseerror o to be calculatedrrom circuit
parametersand carrier spacing.We will show that
o4 can be usedas a figure of merit for the PLL
phasenoise performancewhich allows a fast PLL
optimizationfor a low bit error rate (BER).

Hipr(s) = (6)

IV. NUMERICAL RESULTS

We considera PLL for 60 GHz describedin [1]
with a divider ratio of N = 1024 anda VCO phase
noiseof -90 dBc/Hz at 1 MHz offset asreportedin
[7]. Thedampingfactor{ = 0.5 represents typical
value for integrated RF synthesizersWe assume
a carrier spacingof 1.5625MHz correspondingo
T, = 640 ns. Figure6 shavs the phaseerroraccord-
ing to (5) asa function of the loop bandwidth f;, =
2¢wp/(2m) for threedifferent phasenoise levels of
the reference As evident, for a low referencenoise
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Fig. 6. RMS phaseerror accordingto (5) as a function of
the PLL bandwidthfor threedifferent phasenoiselevels of the
referenceoscillator

level awidebandPLL is usefulfor alow jitter, while
for a high referencenoise level a narrovband PLL

is recommendedThe jitter predictedby the first-
ordermodelis somevhat too optimistic, but givesa
roughestimationof the expectedphasgitter. Figure7
shovs the rms phase error after CPE correction
from time-domainsimulation. The close agreement
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Fig. 7. RMS phaseerror from time-domainsimulation as a

functionof the PLL bandwidthfor the sameconditionsasFig. 6.

betweenFig. 7 and Fig. 6 demonstrateghe high
accuray of boththe time-domainsimulationandthe
frequeng-domainmodel.

In order to relate the phaseerror to the BER of
an OFDM system,we have simulatedan uncoded
16-QAM systemincluding phasenoisein the time
domain.The OFDM signalconsistsof 192 datasub-
carriersand 16 pilot subcarriersThe latter are used
for CPEcancellationin eachsymbol.All subcarriers
aretransmittedwith the samepower. Figure8 shavs
the simulatedBER for the sameconditions as for
Fig. 6. Here we assumedidentical PLLs for the
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Fig. 8. Simulatedbit error rate as a function of the PLL
bandwidthfor the sameconditionsasFig. 6.

transmitterand the recever with uncorrelatechoise.



Obviously, thereis a strongcorrelationbetweenthe
phaseerror and the BER. This suggeststhat (5)
is suited for a fast optimization of the PLL loop
dynamicsof RF synthesizergdor OFDM systems.

V. CONCLUSION

We have presented frequeng planfor a 60 GHz
OFDM transcever. The frequeng plan with an IF
frequeng of about5 GHz facilitatesre-useof circuit
blocks developedfor IEEE 802.11a.A frequeng-
domain phasenoise model for a chage-pumpPLL
was presentedlt includesphasenoise of the refer
enceand of the VCO. In addition to noisefiltering
dueto PLL operationtheweightingfunctionconcept
[11] is appliedto incorporatethe cancellationof the
commonphaseerror As aresult,a simple modelfor
theeffective PLL phasgitter is obtained A 16-QAM
OFDM systemfor the 60 GHz bandwas simulated
in the time domain.It includesphasenoiseof trans-
mitter andrecever PLL basedon measuredlata.The
resultingbit error ratesare strongly correlatedwith
the phasejitter o,. Therefore,oy4 can be used as
a figure of merit for PLL jitter. This allows a fast
optimizationof PLL parametersThe approachmay
help to identify, if a certaintechnology(InP, GaAs,
SiGe, CMOS) is suitedfor a particular modulation
schemg(QPSK, 16-QAM, 64-QAM).
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