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Research TopicResearch Topic

Overcome of relatively large phase noise in PLLOvercome of relatively large phase noise in PLL
Establishment of phase noise compensation method :Establishment of phase noise compensation method :

2. Phase noise compensation by digital signal processing2. Phase noise compensation by digital signal processing

3. Hardware verification of the proposed  compensation method3. Hardware verification of the proposed  compensation method

1. Measurement of phase noise1. Measurement of phase noise
 

and modelingand modeling

6060--GHz transmission by SiGHz transmission by Si--CMOS ICCMOS IC

More than More than --9090

 
dBc/HzdBc/Hz

 
at 1 MHz offsetat 1 MHz offset

Phase noisePhase noise

PLL : phase locked loop
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Schedule of This ResearchSchedule of This Research

Computer simulationComputer simulation

ExperimentExperiment

SCSC --

 

SCSC--FDEFDE
--

 

OFDMOFDM

6060--GHz circuit provided by GHz circuit provided by 
MatsuzawaMatsuzawa--Okada lab.Okada lab.
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Phase Noise CompensationPhase Noise Compensation
DecisionDecision--directed phase noise compensation directed phase noise compensation (DD(DD--PNC)PNC)


 

Proposal of Proposal of DDDD--PNCPNC
 

receiverreceiver
 --

 
Orthogonal frequency division multiplexingOrthogonal frequency division multiplexing

 
(OFDM)(OFDM)

 --
 

SingleSingle--carrier with frequency domain equalization carrier with frequency domain equalization (SC(SC--FDE)FDE)

 Verification by computer simulations and experiments

TimeTime--variant phase noisevariant phase noise

Estimated phase noiseEstimated phase noise
during preamble periodduring preamble period

Estimated phase noise Estimated phase noise 
during data periodduring data period

Basic structure of Basic structure of DDDD--PNCPNC
 

receiver receiver 

Research results:Research results:



6

6060--GHz Experimental SystemGHz Experimental System
MillimeterMillimeter--Wave Single Carrier (SC) TransmissionWave Single Carrier (SC) Transmission

6060--GHz TransceiverGHz TransceiverCPUCPU

 
boardboard

 
performs transmit performs transmit 

and reception processes.and reception processes.

Feasibility study of phase 
noise compensation
method by experiment
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Effect of Phase Noise CompensationEffect of Phase Noise Compensation

Transmitted signalTransmitted signal Received signalReceived signal

Output of coherent detectorOutput of coherent detector
 without DDwithout DD--PNCPNC

Output of coherent detectorOutput of coherent detector
 with with DDDD--PNCPNC
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Phase Noise CompensationPhase Noise Compensation

for SCfor SC--FDEFDE
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OutlineOutline

--
 

BackgroundBackground

--
 

Effect of phase noiseEffect of phase noise

--
 

Proposed receiver with decisionProposed receiver with decision--directed directed 
phase noise compensationphase noise compensation

--
 

Simulation resultsSimulation results

--
 

ConclusionConclusion
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BackgroundBackground

6060--GHz transmission systemGHz transmission system

In WPAN systems, the relatively large phase noise occurs, and deIn WPAN systems, the relatively large phase noise occurs, and degrades grades 
transmission performances of SCtransmission performances of SC--FDE and OFDM.FDE and OFDM.

PhasePhase
NoiseNoise

PhasePhase
NoiseNoise

••
 

6060--GHz WPAN standard in IEEE802.15.3c:GHz WPAN standard in IEEE802.15.3c:
 --

 
SCSC--FDE (single carrier with frequencyFDE (single carrier with frequency--domain equalization)domain equalization)

 --
 

OFDM (orthogonal frequency division multiplexing)OFDM (orthogonal frequency division multiplexing)

••
 

6060--GHz singleGHz single--chip transceivers based on Sichip transceivers based on Si--CMOS IC:CMOS IC:
 --

 
Lower power consumption and costLower power consumption and cost
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SCSC--FDE and OFDMFDE and OFDM

FFTFFT

-- Both OFDM and SCBoth OFDM and SC--FDE receiverFDE receivers employ FDE processemploy FDE process
to combat multipath delay.to combat multipath delay.

1. Insertion of cyclic prefix (CP)1. Insertion of cyclic prefix (CP) 2. FDE : 2. FDE : 

Received signal in time domainReceived signal in time domain Received signal is divided by Received signal is divided by 
channel frequency response.channel frequency response.

-- FDE process requires that timeFDE process requires that time--domain received signaldomain received signal
in FFT duration is in FFT duration is timetime--invariant.invariant.

Periodic function in FFT durationPeriodic function in FFT duration

プレゼンター
プレゼンテーションのノート
Both OFDM and SC-FDE receivers employ frequency domain equalization using FFT. So, the time-domain received signal through multipath channels should be the periodic function in the FFT duration. To satisfy this condition, OFDM and SC-FDE insert the cyclic prefix (CP) into the transmitted signal as shown in this figure. Next, after FFT, FDE is performed by dividing the freq.-domain received signal by channel frequency response like this. In SC-FDE, after that, IFFT converts the equalized signal into the time-domain signal.
As mentioned before, both OFDM and SC-FDE receivers employ FDE process to combat multipath delay. And this FDE process requires that the time-domain received signal in the FFT duration is time-invariant. However, the phase noise destroys this assumption.
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Effect of Phase NoiseEffect of Phase Noise

FFT durationFFT duration

FFTFFT

Interference among Interference among 
freq. componentsfreq. components

••
 

PostPost--FFT received signal with phase noiseFFT received signal with phase noise

Difference from meanDifference from mean

••
 

Phase noisePhase noise
Mean of phase noise Mean of phase noise 

in FFT durationin FFT duration

Common phase shiftCommon phase shift
at all freq. componentsat all freq. components
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Phase Noise Compensation for SCPhase Noise Compensation for SC--FDEFDE
••

 
OFDM transmissionOFDM transmission

--
 

More sensitive to the phase noise than the normal SC transmissioMore sensitive to the phase noise than the normal SC transmissionn

--
 

DecisionDecision--directed phase noise compensation (DDdirected phase noise compensation (DD--PNC) has been PNC) has been 

proposed as the effective solutionproposed as the effective solution

••
 

SCSC--FDE transmissionFDE transmission
--

 
Similarly to OFDM, severe degradation due to the phase noiseSimilarly to OFDM, severe degradation due to the phase noise

--
 

Conventional method for SC: combination of DFE and the phase Conventional method for SC: combination of DFE and the phase 

noise compensation, which cannot be applied to SCnoise compensation, which cannot be applied to SC--FDEFDE

--
 

SCSC--FDE cannot easily compensate for the phase noise before FDEFDE cannot easily compensate for the phase noise before FDE

--
 

Effective phase noise compensation has not been proposedEffective phase noise compensation has not been proposed

We propose a We propose a SC-FDE receiver employing DDreceiver employing DD--PNCPNC
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SCSC--FDE TransmitterFDE Transmitter

••
 

Packet ConfigurationPacket Configuration

--
 

Complementary Golay code is CAZACComplementary Golay code is CAZAC
 

(constant amplitude zero (constant amplitude zero 
autocorrelation) sequenceautocorrelation) sequence

--
 

1 subblock consists of CP and data symbols1 subblock consists of CP and data symbols
--

 
Another Golay code is used as CP, which is known to the receiverAnother Golay code is used as CP, which is known to the receiver

--
 

CP is inserted for FDECP is inserted for FDE

••
 

Block diagram of SCBlock diagram of SC--FDE transmitterFDE transmitter
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SCSC--FDE Receiver with DDFDE Receiver with DD--PNCPNC

••
 

Initial process:Initial process:

••
 

Iterative process:Iterative process:
DDDD--PNC (decisionPNC (decision--directed phase noise compensation)directed phase noise compensation)

CPCP--PNC (CPPNC (CP--based phase noise compensation)based phase noise compensation)

TransmittedTransmitted
signal replicasignal replica
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•
 

Estimated channel impulse response:

•
 

Received signal at the k-th
 

symbol of the i-th
 

subblock:

Channel EstimationChannel Estimation

MeanMean Difference from meanDifference from mean

: estimation error

ni,k : noise

Phase noise:

ip : subblock number 
of preamble

Complex amplitude Complex amplitude 
of the of the dd--thth

 
pathpath

Transmitted signalTransmitted signal

Crosscorrelation
 

between the received signal and the preamble 
of the complementary Golay code

Mean of phase noise Mean of phase noise 
during preambleduring preamble
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CPCP--PNCPNC

•
 

CP-PNC estimates relative phase noise during CP of 
the i-th

 
subblock:

•
 

Relative phase noise           during data symbols is 
estimated by linearly interpolating         and

Received signal replica :Received signal replica :

ck : known CP: known CP

•
 

CP-PNC removes the estimate as
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DDDD--PNCPNC

•
 

It estimates the relative phase noise by one-tap LMS 
(least-mean-square) algorithm:

is generated from decoded bitsis generated from decoded bits

StepStep--size parametersize parameter

•
 

DD-PNC generates the received signal replica during data 
symbols by using a transmitted signal replica         as

: an estimate of relative: an estimate of relative

phase noise, phase noise, 

•
 

DD-PNC performs smoothing
 

for the estimates
 by backward exponential weighting as
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Simulation ConditionsSimulation Conditions
Parameters of SCParameters of SC--FDE basically follow 60FDE basically follow 60--GHz WPAN.GHz WPAN.
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Phase Noise ModelPhase Noise Model

Pole freq. :Pole freq. :
 

fp Zero freq. : Zero freq. : fz

K = -82 dBc/Hz

Generated by AR modelGenerated by AR model

--8585
 

dBc/Hz atdBc/Hz at
11

 
MHzMHz

 
offsetoffset

Power Spectrum Power Spectrum 
Density : Density : 

KK
 

was changed as a parameter.was changed as a parameter.
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PER PerformancePER Performance
Phase noise : Phase noise : --8585

 
dBc/Hz at dBc/Hz at 11

 
MHzMHz

 
offsetoffset

1.41.4
 

dBdB
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Iteration PerformanceIteration Performance

Phase noise:Phase noise:
--82 dBc/Hz82 dBc/Hz

--85 dBc/Hz85 dBc/Hz

--88 dBc/Hz88 dBc/Hz
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--
 

The receiver iterates DDThe receiver iterates DD--PNC and FDE by exploiting the output of PNC and FDE by exploiting the output of 
the channel decoderthe channel decoder

--
 

DDDD--PNC recursively estimates phase noise by onePNC recursively estimates phase noise by one--tap LMS tap LMS 
algorithm with smoothingalgorithm with smoothing

ConclusionConclusion

••
 

Computer simulations have demonstrated :Computer simulations have demonstrated :

--
 

When phase noise is When phase noise is --85 dBc/Hz, the receiver with 3 iterations 85 dBc/Hz, the receiver with 3 iterations 

can reduce Ecan reduce E
 

bb

 

/N/N
 

00

 

degradation from ideal performancedegradation from ideal performance
 

to 1.4 dB to 1.4 dB 

at PER = 10at PER = 10--22..

--
 

When phase noise is When phase noise is --88 and 88 and --85 dBc/Hz, 1 and 3 iterations can 85 dBc/Hz, 1 and 3 iterations can 

achieve PER = 10achieve PER = 10--22

 

at EE
 

bb

 

/N/N
 

00

 

==
 

17 17 dBdB, respectively, respectively.

In the 64QAM modulation with In the 64QAM modulation with RR
 

==
 

3/4,3/4,

••
 

We have proposed the SCWe have proposed the SC--FDE receiver employing DDFDE receiver employing DD--
 PNC in the millimeterPNC in the millimeter--wave SC transmission:wave SC transmission:
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