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	Summary: 

	Since SE24_WI63 meeting 4 several questions have been raised to the topic of peak power limits and peak power interference towards FS systems. In this contribution the peak power behaviour of a UWB signals will be presented and explained. The relation between the peak power and the mean power limits of UWB systems will be depicted.  
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	Peak power discussions in SE24_WI63 and other UWB groups






IntroduCtion
In the UWB regulation world-wide typically two TX powers are regulated:
1. Maximum mean power density in dBm/MHz e.i.r.p. (typically -41,3dBm/MHz) and
2. Maximum peak power in dBm/50MHz e.i.r.p. (typically 0dBm/50MHz)

Both values have to be fulfilled in order to be compliant with the UWB regulatory framework.
The first rule dictates the maximum mean Power Spectral Density (PSD), i.e., the radiated power within a given bandwidth when averaged over 1 ms:
max. meanPSD = -41.3 dBm / MHz (74 nW per MHz)	(eq.1)
The second rule imposes a limit on how strong a single pulse can be transmitted. It basically limits the power of the UWB signal to 0 dBm when passing it through a filter of a bandwidth of 50 MHz:
max. peakPSD = 0 dBm / 50 MHz (1mW in 50MHz)		(eq.2)
Assuming 500 MHz of bandwidth (pulse duration tp equal to 2 ns), we obtain a maximum average power of 37 μW by multiplying the 500 MHz of bandwidth with the maximum spectral density of 74 nW/MHz.
The mean power and the peak power are interrelated and mainly connected by the pulse repetition rate of the UWB signal. For frequency hopping signal the dwell time can be taken to describe this interrelation. 
Peak power in the time domain
Derivation

The first rule (mean power limitation to -41,3dBm/MHz) states that the maximum mean PSD has to be averaged over at most 1 ms, which translates into 37 nJ of transmitted energy in 1ms. This means that during one millisecond, we could theoretically send just one very strong pulse with a maximum full band peak power depending on the pulse duration tp. Taking this theoretical ideal numerical case above with tp equal to 2 ns and PTX equal to 37 μW (-14.3 dBm) yields a full band peak power of 18 W (+42.7 dBm) as shown in Figure 1. This pulse would then have a pulse duty cycle of 2ns/1ms = 0,0002% and a flat peak power spectrum in the complete 500MHz operation frequency range.

[image: ]
[bookmark: _Ref64901204]Figure 1: Example peak power without peak power limit definition[1] 
The second rule (peak power limit of 0dBm/50MHz) however limits the instantaneous pulse peak power to a value that shall not exceed 0 dBm when passing the signal through a 50 MHz bandwidth filter (i.e., 10% of the energy of the original 500 MHz wide signal but 10 times higher duration). This translates into a full band signal peak power of +20 dBm [2], which is 22.7 dB lower than when only the first rule is applied. Therefore, to comply with both rules and maximize the transmitted energy per pulse, we can transmit around 186 (= 10(+22.7/10)) pulses of +20 dBm (500 MHz bandwidth). Therefore, the mean pulse repetition rate of transmission becomes 1 ms /186 pulses = 5.3 µs = 186kHz [2].

Worldwide any UWB regulation strictly limit the amount of pulse energy (yellow area in figures) that can be sent during 1 ms in a given spectrum band. In Figure 2 a comparison of these considerations is given for a low rate (LRP) and a high rate (HRP) UWB system.
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[bookmark: _Ref64902812]Figure 2: Comparison of low rate (LRP) and high rate (HRP) UWB [1]
Increasing the number of pulses sent in 1 ms leads to a reduction of the pulse peak power. 

As mentioned above for a low rate UWB system with a repetition rate R ≤ 186kHz and an ideal flat bandwidth of 500MHz each pulse of 2ns duration can reach the peak power limit of 0dBm/50MHz.

In a typical FS system with 25MHz bandwidth this would lead to an interference power Pi of[2]:

Pi = 0dBm/50MHz * 20log(25Mhz/50MHz) = -6dBm/25MHz	(eq.3)

The corresponding pulse duty cycle (PDC) in 500MHz is:

[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK5]PDC500MHz = 1.86* 105*2ns/1s = 0,0372%	(eq.4)

If one now filters this signal with a 25MHz bandpass filter the duration of the pulse will increase by the factor 500MHz/25MHz = 20. The pulse duty cycle in 25MHz PDC25MHz and in 30MHz PDC30MHz is given by:

[bookmark: OLE_LINK16][bookmark: OLE_LINK17]PDC25MHz = 1.86* 105*2ns*20/1s = 0,744%	(eq.5)

PDC30MHz = 1.86* 105*2ns*16,67/1s = 0,62%	(eq.6)

In Figure 3 the behaviour of a pulse in the time domain using different resolution band widths (RBW) is depicted. It can be seen that the pulse width in time domain increases by a decrease of the RBW of the measurement equipment. This effect is equivalent to the behaviour of a RX filter with a specific bandwidth.
[image: ]
[bookmark: _Ref66285927]Figure 3: Impulse response in time domain using different filters/resolution band width (RBW)[4] 
We can also calculate the maximum peak power density in 30MHz:

PSDpeak_30MHz = 0dBm/50MHz * 20log10(30MHz /50MHz) = -4,4dBm/30MHz	(eq.7)

For any given band of 30MHz bandwidth in the operational frequency range (OFR) of the UWB devices this is the maximum peak power level under the assumption that the peak power is constant over the complete OFR of the UWB and the pulse of 2ns duration is synchronously received at the FS filter input. For real signals both conditions will not be true, neither the peak power is constantly distributed over the OFR nor all pulses will be synchronized with the FS receiver. A typical peak power spectrum is given in Figure 3 taken from [4].

[image: ]
[bookmark: _Ref66182288]Figure 4: Measured peak power for a complete IEEE 802.15.4a signal [4]
It can be recognized that the peak power limit if 0dBm/50MHz is only reached at a specific frequency in the overall OFR. 

Short-term interference level range calculation:

The noise floor of an FS system in 30MHz including 5dB noise figure is -94,2dBm. 
Thus, the threshold of short-term interference would be -75,2dBm for an I/N of 19dB.

Based on that the required pathloss or minimum coupling loss (MCL) from UWB device with an omnidirectional antenna towards an FS receiver with 0dBi antenna gain in direction of the UWB device can be calculated as follows:

75,2dBm – 4,4dBm (UWB peak power in 30MHz) = 70,8dB 	(eq.8)

This MCL value of 70,8dB corresponds to LoS separation distance of 12,7m. If we now assume a down tilt fixed UWB antenna with 5dB as given in the use case section this value would decrease to 7,1m.

With this required pathloss (70,8dB) between the UWB device and the FS antenna, the FS TX with a TX power of 28dBm into the antenna will generate an interference level of around -42dBm in the UWB receiver. Taking into account this higher level of interference the UWB system will not correctly operate.  
Long term peak criterion: 

[bookmark: OLE_LINK10][bookmark: OLE_LINK11]In order to take into account the peak power in the calculation of the long term criterion we have to take the limit given in ITU-R SM2057[3]

[bookmark: OLE_LINK6][bookmark: OLE_LINK7]Ip50/Na50 = +5dB[3] 	(eq.9)
for not more than 20% of the time.

With a noise power of Na50 = -97dBmin 50MHz and a noise figure of 5dB the effective noise level in an FS receiver with 50MHz bandwidth is:

Na50_eff = -92dBm		(eq.10)

[bookmark: OLE_LINK8][bookmark: OLE_LINK9]If one now takes the given threshold of Ip50/Na50 = +5dB the interference threshold Ip50 at the FS receiver is -87dBm peak.

The required pathloss for a 0dBm peak power in 50MHz is 87dB. This translates into a LoS mitigation distance of 90m for an assumed 0dBi FS antenna gain towards the UWB device and including a 5dB down tilt antenna to around 50m.

Assuming a 25MHz bandwidth FS receiver the peak power limit is:

[bookmark: OLE_LINK12][bookmark: OLE_LINK13]Ip25/Na25 = +2dB		(eq.11)

Note 1: 	Ip25 = Ip50 – 20log10(25/50) = Ip50 – 6dB
Na25 = Na50 – 10log10(25/50) = Na50 – 3dB

Ip25/Na25 = Ip25[dB] - Na25[dB] = Ip50[dB] – 6dB - Na50[dB] + 3dB = Ip50[dB] - Na50[dB]  - 3dB = 2dB

[bookmark: OLE_LINK14][bookmark: OLE_LINK15]Based on the assumption that the noise decreases with 10log and the peak power effect with 20log the criterion (important: long-term 20% of time, see ITU-R SM.2057[3]) Ip25/Na25 = +2dB is valid.

Including a noise figure NF of 5dB as above the effective noise level at the FS receiver is:

Na25_eff = -95dBm		(eq.12)

Taking the Interference threshold of Ip25/Na25 = +2dB we get the peak interference limit of -93 dBm/25MHz peak. Now this leads to a MCL of 87dB between the FS receiver and the UWB transmitter. This is the same value as in 50MHz.
Summary and conclusion

Typical UWB system are limited to the TX energy of 37nJ in 1ms by set of regulations limiting the mean e.i.r.p. power in 1MHz during 1ms (-41,3dBm/MHz) and the peak e.i.r.p. power in 50MHz (0dBm/50MHz). 

The consideration related to peak power interference of pulse based UWB systems into a FS system has to be split into two main parts:
· Long-term interference with a time probability of below 20% and
· Short-term interference with a time probability of below 4.5*10-5%
For both criterions mean Ia/Na limits are defined for the mean power levels:
· long-term: I/N ≤ -20dB
· short-term: I/N ≤ +19dB
For the peak power limits for the long-term criterion ITU-R SM.2057 sets a limit of Ip50/Na50 = +5dB[3] for aggregated peak power interference. This level corresponds to a peak power limit of 0dBm/50MHz.

For the short-term interference criterion, a detailed signal structure of a UWB pulse system operating with the peak limit (peak limited systems) have to be considered, see [3] Annex 2, clause 1.1.1.2. These peak limited systems have a very low peak duty cycle of 0,0372% in 500MHz. This has to be taken into account in the aggregation simulations. 
The peak power energy is not continuously distributed over the OFR of the UWB device, see Figure 3 and will have a different distribution for different UWB devices and operational modes. Not all devices in a given area will operate in the peak power limited mode. 
The full interference effect will only be realized when the UWB pulses are fully synchronized with the FS receiver. In case of a desynchronization between the systems the received energy per symbol will be decreased. 
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PFLUGetal.:METHODTOESTIMATEIR-UWBPEAKPOWER 1177 Fig.5.Simpliﬁedspectrumanalyzerblockdiagram.

Fig.6.Time-domainresponseofthreedifferentRBWﬁlters.

isapplied),asampleandholdcircuitfollowedbyananalog-to-

digitalconverter(ADC)[17].

Measuringpeakpowerwithaspectrumanalyzermeanscon-

volvingthemeasuredsignalwiththetime-domainresponseof

aGaussianﬁlter(theIFbandpassﬁlter).Theoutputvoltageis

capturedforeachtimebininwhichtheanalyzermeasures(set

bysweeptimeandnumberofsamples)andthemaximumvalue

pertimebinisnoted.Thisvalue,convertedintopower,isthe

oneobtainedwhenusingapeakdetector.

AspeakpowerisreferencedtoaGaussianﬁlterbydeﬁnition,

theimpulseresponseofaGaussianﬁlterisﬁrstdescribed,at

baseband,as[18]

(6)

TheBWofaGaussianﬁlterisrelatedtotheﬁlterstandard

deviation as

(7)

with beingequaltotheﬁlter 3-dBBW.Fig.6presents

(6)forthreedifferentRBWvalues,showingnotonlytheam-

plitudevariation,butitalsoputstheimpulseresponseintoper-

spectivewiththeburstwidths.

The current method mak es a distinction between a high-PRF and lo w-PRF re gion and is designed for periodical pulsed sig- nals. In the high-PRF re gion (PRF 3.3 RBW), the indi vidual spectral components are spaced at the PRF of the periodically pulsed signal, which means the RBW is small enough to ﬁt only a single spectral component. On the other hand, an IR-UWB signal has a data sequence, which can be modeled as a wide-sense stationary random process. The signal is composed of equally lik ely symbols [1], which produces a continuous frequenc y spectrum. The chip scrambling sequence pro vides spectral smoothing of the transmitted w a v eform (1). Therefore,thehigh-PRFregionofthecurrentmethodisnot

v alid for IR-UWB signals. The range in between the high- and

lo w-PRF re gion sho ws properties of both response types and

should be a v oided. Hence, the focus will be on the lo w-PRF

re gion for the remainder of this section.

The peak po wer in the lo w-PRF re gion (PRF

RBW) is

gi v en by

(8)

where forms the pulse desensitization correction f actor de-

ﬁned as

(9)

where relates the RBW v alue to an ef fecti v e BW for

pulsed signals. In [10], is an empirical v alue and v aries

typically between 1.479–1.617 depending on the type of spec-

trum analyzer used. The Appendix sho ws a deri v ation of ,

which equals 1.50797 for an ideal Gaussian ﬁlter. The v aria-

tion in spectrum analyzer ﬁlters (ho w well the y approximate the

ideal Gaussian shape) is also discussed in this Appendix.

There are se v eral conditions that must be satisﬁed for (8) to

be v alid. The one rele v ant for this w ork states that the product

of spectrum analyzer BW and pulse width must be less than tw o-

tenths [10]

(10)

where can also be deﬁned as

(11)

assuming a chip sequence containing zero phase in v ersions.

Fig. 7 sho ws a graphical representation of the pulse desensi-

tization correction f actor v ersus ef fecti v e b urst width ,

together with limit line (10).

Using (10) in (11) gi v es

(12)

which sho ws that, using the IEEE 802.15.4a pulse width

ns, (8) is only v alid for a limited range at a gi v en RBW

v alue. As the PHR part of a frame has a v alue equal or

greater than the one for the SHR and PSDU parts, this section

will dominate the peak po wer v alue (see T able I). When using

an RBW v alue of 50 MHz, (12) sho ws that no IEEE 802.15.4a

data rate obe ys the limit.
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Fig.14.MeasuredpeakpowerforacompleteIEEE802.15.4aframeusingour

owntransmitterICandP1pulses(2ns).Dataratemodeused:1.2.Sampling

frequencyused:40GS/s(time-domainmethod).

Fig.15.Measuredpeakpowerspectrumfor ns,

,measuredusingscaledpulsesandanIFﬁlterwith

MHz.ThisresultsinasignalBW,whichistentimessmallercomparedto

Fig.12.Thisﬁgureisverticallyscaledtoobtainapulseamplitudeof 0.1V.

TheRFcenterfrequencyis4.4928GHz.

asdescribedby(18).Isalsoshowstheoverestimationofpeak

powerby16dBforthe8-MHzRBWcurveathighburst-width

values.Fig.14showsthepeakpowermeasuredformode1.2

usingahigh-endoscilloscopewithasamplingrateof40GS/s.

Thecurvecompareswellwiththemeasuredscaledpulsesof

Fig.15,whichisdiscussedbelow.

2)PulsePatternGeneratorSetup:Inordertoverifythe

50-MHzRBWcase,ascaledmeasurementhasbeenused.The

advantageofusingscaledpulseswithawidthof20nsisthefact

thecorrespondingscaled5-MHzRBWvalueisusedinsteadof

thenormallyrequired50-MHzRBWvalue,whichiseithernot

availableonaspectrumanalyzerornotaccurateenough.

Alongthe50-MHzRBWcurveinFig.13,asetofpointsis

shown,obtainedbyusingthescaled20-nspulses.Combining

thesescaledpulsesinanIEEE802.15.4astandardpattern

producedtheresultsshown.Thepulseswheregeneratedusing

a pulse-pattern generator. Mix ers up-con v ert the baseband

pulses to RF using a signal generator. Fig. 15 presents the

corresponding measured frequenc y-domain curv es.

VII. C

ONCLUSION

This paper has presented a no v el and more accurate peak

po wer estimation method for IR-UWB systems. Such a method

is a crucial ingredient in the design of ne w wireless sys-

tems, when designing for maximum achie v able distance. By

analyzing the required measurement procedure, a set of equa-

tions w as deri v ed matching simulated and measured signals.

Compared to e xisting methods in use, this enables proper

estimation and measurement interpretation of emer ging IEEE

802.l5.4a-lik e IR-UWB signals.

From the material presented in this paper , it follo ws that the

“ -limit” of the method currently in use is not present in

the proposed method, enabling usage of lar ger Gaussian ﬁlter

RBW v alues.

The multiple b urst analysis sho wed a need for higher RBW

v alues in measurements. F or the wider b ursts, the dra wback of

using a v alue belo w 50 MHz is o v erestimation of peak po wer ,

which can be corrected using the presented equations, kno wing

the b urst width. An RBW v alue of 1 MHz can be used for

the lo west data-rate modes—for the mandatory data rates of

0.85 Mb/s, at least an 8-MHz RBW v alue is needed. Correc-

tion for the 8-MHz o v erestimation is sho wn.

F or e xact measurements, a high-end oscilloscope is the

better instrument to use for measuring peak po wer. The

50-MHz Gaussian ﬁlter is applied in softw are, and therefore, is

nearly ideal. There is no prior kno wledge of the signal required,

and due to the high RBW v alue, almost no multiple b urst po wer

addition is occurring for IEEE 802.15.4a-lik e signals. F or the

time-domain measurement to be accurate, the center frequenc y

of should be swept.

The method reported mak es use of a rectangular pulse shape.

Only in the case of small pulses, densely grouped together , can

one see a de viation by about 0.5 dB for pulse shapes other than

rectangular. In other cases, the method is accurate by 0.1 dB or

better.

Using the proposed method enables usage of up to 16–24-dB

more pulse amplitude, depending on the equipment a v ailable.

A

PPENDIX

D

ERIV A TION OF

-F

A CT OR

When measuring the amplitude of a relati v e narro w pulse

passing a ﬁlter with BW RBW , the amplitude will be propor -

tional to RBW. This is seen by con v olving a rectangular pulse

with the impulse response of a ﬁlter. If peak po wer is speciﬁed

as (8), where is dependent besides and RBW on ,

this f actor can be deri v ed as follo ws. The ﬁltered pulse is

described in (14), and has as a limit,

(35)
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