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Abstract— This paper presentsa fr equencyplan for
a super-heterodyneOFDM transceiver for the 60 GHz
band. We derive an approximation for the rms phase
error of the phase-locked 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 comparison with 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.

I . INTRODUCTION

Orthogonal frequency division multiplexing
(OFDM) has becomepopular 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-per-second wireless communications. The
high oxygen absorptionallows agressive frequency
re-use.Furthermore,due to the short wavelength,
on-chip antennas become feasible. As far as
frequency synthesisis concerned,the high phase
noise of 60 GHz oscillators representsthe main
obstaclefor OFDM. For a low-cost implementation,
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 passives. As a result, the phase
noise may limit the transceiver performance.This
is especially critical for the 60 GHz band, since
the VCO phasenoise at a given frequency offset
increaseswith the oscillation frequency. In order
to generatestable radio frequencies,phaselocking
to a clean referenceis required.This also reduces
the oscillator phasenoise within the bandwidthof
the phase-locked loop (PLL). A first integratedPLL
for 60 GHz in a SiGe BiCMOS technology was

presentedrecently[1].

Thephaseerror (jitter) of a PLL is stronglycorre-
latedwith the bit error ratein 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, many paperson PLL jitter simulation
werepublished[2]-[7]. They aremostly focussedon
behavioral circuit simulation.For systemsimulations
a more abstractPLL model is requiredto minimize
the simulation time and the requiredknowledgeon
circuit level. In [8]-[10] phasenoise has beendis-
cussedin the context of OFDM. The phasenoise
model used in thesepapersis basedon a Wiener
process,which is low-passfiltered in the PLL. In
reality, a combinationof high-passfiltering 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 frequency.
Dueto thefinal length

���
of anOFDM symbol,noise

frequenciesmuchbelow ��� � � will hardly affect the
OFDM system,if the commonphaseerror (CPE) is
removed using pilot tones.As a result, a high-pass
weightingfunctionfor thePLL spectrumcanbeused
to describethe CPEcorrection[11]. This weighting
function reducesthe effect of phasenoise in an
OFDM system,especially, if ��� ��� is larger thanthe
loop bandwidth[12]. Integrating the weightedPLL
spectrum,an effective phaseerror �	� is obtained,
which includesCPEcorrection.

This paperrelatestheeffectivePLL phaseerror �	�
to circuit parametersand the OFDM symbol length.
A strong correlation of �	� with the bit error rate
(BER) of the OFDM systemis demonstrated.The
PLL phasenoiseperformancecanbeoptimizedwith
little effort by minimizing �	� .



I I . FREQUENCY PLAN FOR OFDM TRANSCEIVER

The existing IEEE 802.11astandardis perfectly
suited for data transmissionat moderatedata rates
underdifficult channelconditions.A combinationof
such a system with a high-rate OFDM systemat
60 GHz in a silicon-basedlow-cost implementation
wouldbeperfectlysuitedfor awide rangeof applica-
tions.Usinganintermediatefrequency (IF) of 5 GHz
for our60GHzsystemallows re-useof circuit blocks
developedfor IEEE 802.11a.

The designof a programmablePLL at 60 GHz
turnsout to bedifficult. We favor a super-heterodyne
architecturewith aprogrammablePLL around5 GHz
for three reasons.First, compatibility to the IEEE
802.11aWLAN standardis facilitated.Second,tun-
ing over 1-2 GHz seemspossiblewith an integrated
solution in this frequency range.Third, the image
frequency is about10 GHz away from the channel
andcan be filtered out by an integratednarrowband
low-noiseamplifier.

The first down-conversionof the potentialOFDM
bandfrom 57 to 64 GHz canbe performedby using
a fixed-frequency PLL at 56 GHz as illustrated in
Fig. 1. Here we have subdivided the whole spec-

Fig. 1. Potential OFDM band and its subdivision into 14
subbandsof 500 MHz before and after first down-conversion.
Thick lines indicatebandof a first demonstrator.

trum into subbandsof 500 MHz. Focusingon the
frequency range around 61 GHz, we need a PLL
around 5 GHz for the seconddown-conversion to
basebandalsoshown in Fig. 1. In order to relax the
filter requirements,only 400 MHz of a 500 MHz
band will be used,while the remaining 100 MHz
serve asguardbandsasshown in Fig. 2.

A possible realization of a fixed-frequency RF
synthesizeras presentedin [1] is shown in Fig. 3.

Fig. 2. OFDM subbandafter seconddown-conversion.Thick
lines indicateuseful range.

It generatesa signal of 56 GHz for the first down-
conversion. The IF PLL shown in Fig. 4 selects

Fig. 3. Possiblerealizationof a 56 GHz PLL for thefirst down-
conversion.

betweenthetwo subbandsrangingfrom 60.5-61GHz
and61-61.5GHz, respectively. However, it can the-
oretically be extendedto all 14 subbands,provided
that the VCO hasenoughtuning range.In order to
achieve a wide tuning rangeat low noise, a dual-
loop architectureas describedin [13] is suggested.
An arrayof switchableIF 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 frequency of 5.25 GHz. Togetherwith the
56 GHz RF synthesizer, this frequency is suitedfor
down-conversion of the 61 GHz - 61.5 GHz ISM
bandto baseband.In order to achieve compatibility
with 802.11a,a 20 MHz frequency spacingat the
PLL output is required, which correspondsto a
4 MHz input frequency. Both the4 MHz for 802.11a
and the 5 MHz requiredfor the suggested60 GHz
implementationcanbederivedfrom thesamecrystal
oscillatingatM 
 (20MHz) by dividing thefrequency
by 5M or 4M, respectively, where M is an integer
number.

I I I . PHASE NOISE MODEL

Figure 5 shows a schematicview of an integer-N
charge-pumpPLL asusedin moderncommunication



Fig. 4. Possiblerealizationof a programmableIF PLL for the
seconddown-conversion.

systems.A PLL locks a noisy VCO to a relatively
clean referenceoscillator, typically a crystal. Since
the VCO frequency is usuallymuchhigher than the
referencefrequency, the VCO output is divided by
an integer N beforethe phaseis comparedwith the
referencein a phase-frequency detector(PFD). The
PFDin conjunctionwith a chargepump(CP)charges
or discharges a low-passfilter (LPF) by a current
proportional to the phaseerror. The output of the
LPF is connectedto the control input of the VCO.

Fig. 5. Schematicview of a charge-pumpPLL. ThenoisyVCO
output is divided by N and phase-locked to a relatively clean
referenceto definethe output frequency and to cleanthe VCO
phasenoisespectrum.

The phase noise of the free-running reference
oscillatorasa function of the frequency offset � can
be modeledby��
������ ����� ��
	������� ��� ��� ������ � � (1)

where
� 
	���

is the phasenoise measuredat the
specificoffset

� � . Similarly, the phasenoiseof the
free-runningVCO is modeledby������ !� ����� ������ "��� ��� ��� ��� �� � # (2)

Thephasenoise
�

canbedeterminedfrom thesingle-
sidebandphasenoise $ in units of dBc/Hz, which

is specifiedin datasheets,accordingto� �%�'&�(*),+.- # (3)

It is important to note that $ must be taken at a
specific offset

� � in the region of the spectrum
with a -20 dB / decadeslope. For moderateand
large frequency offsets the single-sidebandphase
noiseequalsthe power spectraldensityof the phase
[7]. The difference betweenthe two quantities at
low offsetsdue to flicker noiseis not relevant here,
sincethe spectrumis high-passfiltered asexplained
below. The filter bandwidthfor the systemswe have
in mind is much larger than typical flicker noise
cornerfrequencies.Therefore,wewill notdistinguish
between the single-sidebandphasenoise and the
power spectraldensityof thephasein the remainder.
As shown in [14], the referencenoise in a PLL is
low-passfiltered,while thenoiseof theVCO is high-
passfiltered. The complex low-passfilter function
is denotedas /1032 � ��4 � , where

4 �65879�95�:3;�� .
The phasenoise spectrumof the referenceneeds
to be multiplied by < �8= / 0>2 �?��4 � = � , where N is the
frequency division factor of the PLL. Although the
phasenoiseof the referenceis typically lower than
that of the VCO by many ordersof magnitude,it
maybecomecomparableto theVCO noise,if a large
division factor is employed. For instance,the value
of N=1024 in [1] correspondsto 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 = /A@ 2 �?��4 � = � �= �CBD/ 0>2 �?��4 � = � .

In additionto noisefiltering dueto PLL operation,
the removal of the commonphaseerror (CPE)in an
OFDM systemresults in further high-passfiltering
[11]. In an OFDM systemthe carriersareseparated
by the carrier spacing

��� ���FEFGIHJ�9��� � � , where
� �

is the useful part of the symbol length, that is, the
length of the Fourier transformationinterval [8]-
[10]. Combiningall theseeffects,we obtain for the
weightedPLL phasenoisespectrum� 2�030 � K � ���� = �CBD/ 032 � = �ML < � ��
���� = / 032 � = �ON
QPR�SBDTVUXW	Y � � � ��� �.Z � (4)

where the “sinc” function is definedby T[UXW�Y �]\ �^�TVU_W � ; \ �`� � ; \ � . Thermsphaseerror, sometimescalled
absolutephasejitter, is given by [7]

�	�ba c,d8egf��%h :�ikj ) �- e	� � 2�030 � ��� # (5)

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



“middle-carrier”weightingfunctionasrepresentative
for thel whole OFDM signal [11]. A PLL is usually
modeledas a second-ordersystem.For the charge-
pump PLL under considerationthe LPF transfer
function is given by [14]/ 032 �?��4 �m� :8n87?o 4 L 7��o4 � L :8n87 o 4 L 7 �o � (6)

where n is the dampingfactor, and 7po is the natural
angular frequency. For nrq � the PLL can be
approximatedby a first-ordersystemaccordingto/ 032 �?��4 �ms 7pt4 L 7pt � (7)

where the loop bandwidth (in rad/s) is given by7pt	�u:8n87?o . Equation(5) in conjunctionwith (4) and
the filter function (6) or (7), respectively, allows the
effective phaseerror ��� to becalculatedfrom circuit
parametersand carrier spacing.We will show that�	� can be used as a figure of merit for the PLL
phasenoise performance,which allows a fast PLL
optimizationfor a low bit error rate (BER).

IV. NUMERICAL RESULTS

We considera PLL for 60 GHz describedin [1]
with a divider ratio of vw�x�'&y:>z anda VCO phase
noiseof -90 dBc/Hz at 1 MHz offset as reportedin
[7]. The dampingfactor n{�|& #~} representsa typical
value for integrated RF synthesizers.We assume
a carrier spacingof 1.5625MHz correspondingto��� ���>zy&{W	T . Figure6 shows thephaseerroraccord-
ing to (5) asa function of the loop bandwidth �3���:8n87po�� � :3;?� 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 a widebandPLL is usefulfor a low jitter, while
for a high referencenoise level a narrowbandPLL

is recommended.The jitter predictedby the first-
ordermodel is somewhat too optimistic, but givesa
roughestimationof theexpectedphasejitter. Figure7
shows 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 thePLL bandwidthfor thesameconditionsasFig. 6.

betweenFig. 7 and Fig. 6 demonstratesthe high
accuracy of both the time-domainsimulationandthe
frequency-domainmodel.

In order to relate the phaseerror to the BER of
an OFDM system,we have simulatedan uncoded
16-QAM systemincluding phasenoise in the time
domain.The OFDM signalconsistsof 192datasub-
carriersand16 pilot subcarriers.The latter areused
for CPEcancellationin eachsymbol.All subcarriers
aretransmittedwith thesamepower. Figure8 shows
the simulatedBER for the sameconditionsas 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 receiver with uncorrelatednoise.



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

V. CONCLUSION

We have presenteda frequency plan for a 60 GHz
OFDM transceiver. The frequency plan with an IF
frequency of about5 GHz facilitatesre-useof circuit
blocks developed for IEEE 802.11a.A frequency-
domainphasenoisemodel for a charge-pumpPLL
was presented.It includesphasenoiseof the refer-
enceand of the VCO. In addition to noisefiltering
dueto PLL operation,theweightingfunctionconcept
[11] is appliedto incorporatethe cancellationof the
commonphaseerror. As a result,a simplemodelfor
theeffectivePLL phasejitter is obtained.A 16-QAM
OFDM systemfor the 60 GHz bandwas simulated
in the time domain.It includesphasenoiseof trans-
mitter andreceiverPLL basedon measureddata.The
resultingbit error ratesare strongly correlatedwith
the phasejitter ��� . Therefore, ��� can be used as
a figure of merit for PLL jitter. This allows a fast
optimizationof PLL parameters.The approachmay
help to identify, if a certaintechnology(InP, GaAs,
SiGe, CMOS) is suited for a particular modulation
scheme(QPSK,16-QAM, 64-QAM).
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