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Introduction

7KLY DSSOLFDWLRQ QRWH LV ZULWWHQ IRU SHRIDOWHL RRORDQIGHBHVR XQILG RUV W D
ultra-wideband (UWB) devices, and some of the issues surrounding thelse. A broad range of topics

is addressed in this paper, including practical test techniques. Furthedetails on many of them may

found in the references in Appendix B.

The basic concepts behind UWB signals are not new, but the radios are becongmmore sophisticated.
The signals are split into three main groups, depending on the signal genet@n technique:
baseband-pulsed, pulse-modulated RF, and orthogonal frequency divisn multiplexing (OFDM).

Pulsed signals have been used in air and ground-penetrating RADAR systes of various forms for
many years. Ultra-wideband OFDM involves adapting standard OFDM mpigiples to meet the
regulatory requirements of an underlay technology.

5$'$5 DQG SRVLWLRQ ORFDWLRQ LQ WKH IRUPSR! UDBIVROUHTIRREGF\ LGHQWLOFI
applications of UWB, but it is the application to short range, very high sped data transfer that has

recently triggered increased interest, and is the main focus of this apptation note. Communications

applications like streaming video can make use of the latest mixed signal I&thnology to provide

viably-priced consumer devices.

Spectrum allocation is the key to new radio development. In 2002 the FCC in the Uted States

allocated 3.1 to 10.6 GHz for use with unlicensed UWB signals as an underlaydhnology. It has

VWLPXODWHG PDQ\ SURSRVDOV WR PHHW WKHRKHBHR(LOoF UHDXLUHPHQWYV RI WK
Working Group is one of the bodies looking to develop a standard that can be usedemnerally by the

industry for high-speed communication. Similar to Bluetooth™, the Mui-Band OFDM Alliance Special

,QWHUHVW *URXS KDV EHHQ HVWDEOLVKHG WR BUBRR®WH IDQ(REROH)'0 VWDQG
-DSDQ DQG $VLD DUH DOVR VKRZLQJ LQWHUHWS® HEXW XGRR DQOROR FR WU R Q WX\O KN
with which to work.

There are alternative approaches to very high-speed wireless data tresfer. One example, known as
mmWave, uses conventional modulation of carriers above 20 GHz. This apgdition note does not
directly deal with this, but some of the measurement techniques will be apptiable.

It is not only the RF transmission that has to be addressed to make a radio; the digil signal paths to

and from the radio also need suitable hardware interfaces and a software ntBum to work. Industry

JURXSV VXFK DV -('(& DUH WDFNOLQJ WKH K®H &KMHUH(LQWHUIDFH GHoQLWLRQ
standard describes a medium access control that is suitable for the very gh throughputs being

sought. It continues to be enhanced.

In working with UWB devices, it is important to understand what you are tryinga achieve, before
making assumptions about what will be the correct measurements and equiment. Table 1 lists the
basic options.

Table 1.

Objective Sections of interest
Understanding and developing the radio design or a module All

Testing for spectrum regulation purposes 6

Checking for interoperability between different vendors’ design 6,78

Testing the effect of interference on other systems 4,7
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1. Basic Concepts Behind UWB Radio

'HOQLWLRQ RI 8:%
For the purpose of this application note, UWB is taken as a radio signal with an gtantaneous
EDQGZLGWK RI 0+] RU D IUDFWLRQDO RFFXSLHG EDQGZLGWK RI ZKHUH

Fractional bandwidth = 2(f, - f )/(f,, + f)

2QH RI WKH NH\ UHTXLUHPHQWY IRU DQ 8:% UDGLR LXPWEKHWDOIMWAHG IRU D EURDG pDV
transmit spectrum within the chosen frequency range will maximize the ttal transmitter power.

Consumer UWB devices will transmit at very low powers. As an example, an indodevice operating

IURP WR *+] ZLOO QHHG WR WUDQVPLW OHVV WKDQ

q ORJ qg GEP

to satisfy the U.S.A.’'s spectrum regulation requirements. The peak RF kages are < 1 volt.

Spectrum occupancy and channel capacity

Most readers will know that Shannon-Hartley derived a simple expressiorotrelate the basic data
transfer capacity of a channel to the instantaneous signal bandwidth as:

C=B.log2 (1+S/N)
where
C = Channel capacity
B = Occupied bandwidth
S/N = Signal-to-noise (linear power ratio, not dB)

Another variable available with digital radio is the option to transmit éta at a higher rate than the

user needs to overcome practical problems. Assuming the hardware is adgiate, the performance of

a real radio receiver is limited by either interference or thermal noise atite input. The processing gain

from direct sequence code spreading can, for example, allow a receiver to @vate with input power

VSHFWUDO GHQVLWLHY EHORZ WKH WKHUPDO QRLVH pRRU RI WKH LQSXW FLUFXLW

The majority of existing radio applications have an occupied bandwidit which is similar to the user

data transfer rate. They rely on a good signal-to-noise ratio (SNR) and comnipx modulation formats

IRU KLJKHU GDWD UDWHYV 6RPH UDGLR DSSOLRDWLRQVEOXWH GLWUHFWE DQG WKH R
sequence spreading to create a much wider signal bandwidth than Shannon’sgiation requires. This

is variously used to deal with interference, multiple users, or in the casefdGPS, extreme path propa-

gation loss. See Figure 1.

SR L B

Figure 1. In spread spectrum radio, the SNR is improved by the correlation irhe receiver.

An occupied bandwidth in the GHz range allows for some novel combinations ofdio hardware and
digital processing, while still addressing some of the most demanding pplications.

Spectrum regulations constrain what is allowable, because along wit the available spectrum, they
GHoQH D PD[LPXP UDGLDWHG SRZHU VSHFWUDOPGREVLWKH QBFSHDINMGRZHU 7KLV G
SNR, because the environment will determine the path loss.

The regulations governing UWB in the United States envisage it as an undertadechnology, where the
power spectral density is low enough to avoid interference with existig systems.
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Frequencies, power levels, and applications

UWB systems operate across licensed and license-exempt bands, within éhfrequency bands shown

in Table 1. The maximum transmit powers are also shown. The limits shown arelgrapplicable in the

United States. Other regions are exploring what limits they should set towit local conditions.

&XUUHQWO\ VRPH UHJLRQV OLNH -DSDQ DQGJIXYRSH DWHARRWUHMK AFDX®LRXV ZKLOF
KLIKHU WUDQVPLW SRZHUV 7R DOORZ &026 DPISQWRH QAWMHWQERIQ W KIHQEUN WR L G

8:% GHYLFHV IRU FRQVXPHU HOHFWURQLFV ZLOO RSHUDWH EHORZ *+]

Historically, UWB has been widely applied to location-sensitive pplications. This is because the short
SXOVHV QHHGHG IRU WKH VLPSOHVW UDQJLQXRGAMGIMKY ERKHERQWO\ RFFXS\ D O
ruling is causing this to expand.

Streaming video and wireless universal serial bus (USB) are key target plications for UWB in
communications. They will not be the only uses, but act as useful, consumeoriented ways to assess
the capabilities of an UWB implementation.

8QOLNH WKH ZLUHOHVY ORFDO DUHD QHWZRUN :/$ ¥ WDMIEPACWGIN URH | RY L (
wireless personal area networks, WPANSs. In a WPAN, wireless devices forentporary piconets to

HQDEOH GDWD WUDQVIHU 7KH ZHOO NQRZ®@\ %OXHWRRWKDOPWDQGDUG LV LQ WKLYV
number of the principles governing system operation are shared.

7KH PDLQ LPSDFW RI WKH GLVWLQFWLRQ EHWZHHQHWZHBHQGW-BHIUIDWGLHROW LQ WK
and the appliance it serves. However, there is also an effect on the RF becauseone than one piconet

has to be able to operate in the same area, at the same time. This is known as simultaous

RSHUDWLQJ SLFRQHWY RU 623V 8QOLNH :/$W WRKABRUVLQRWH @QWHWXRDRFHVV S
activity. The piconets must be able to operate independently and asynclonously, which immediately

SODFHV EXUGHQV RQ WKH V\VWHP GHVLJQ (DFK\UDGLRFRXWW PHDEWH WR TXLFN
for it, and minimize the effect of unwanted signals on its data throughput.



Table 2. System frequency bands and applications for the U.S.A.

_ .H\WVLJKW _ 80WUD :LGHEDQG &RPPXQLFDWLRQ 5) OHDVXUHPHQWYV $SSOLFDWLRQ 1RWH

Application FCC Part 15 freq band Max power (1 MHz) Restrictions
Imaging

1. Ground penetrating radars, walB.1 to 10.6 GHz —41.3 dBm Yes, usage
imaging, medical imaging GPR <960 MHz

2. Thru-wall imaging and surveil- 1.99 to 10.6 GHz -51.3 dBm

lance systems

Communication and measurement

3. Indoor 3.1t0 10.6 GHz -41.3 dBm No separate or outdoor antenna
4. Outdoor handheld 3.1to0 10.6 GHz —41.3 dBm
24 t0 29 GHz
59 to 66 GHz
Vehicular radar
5. Vehicular radar 24 to 29 GHz and -41.3 dBm No
Collision avoidance, improved airbag
activation, suspension systems
8QFRQOUPHG
2. Band edge is —10 dB relative to the maximum in-band signal.
 ((( D DOWHUQDWH 3+<VLFDO OD\HU VHOHFWLRQ FULWHL

7KH GHYHORSPHQW RI D QHZ VWDQGDUG KDV WRUWDALLY FXPWQWRULWHULD VRPH R
DFFXUDWHO\ FRPSDUH EHWZHHQ GLIIHUHQNWRIURIKR \PROW WD/QUH & O8H CCRRAVIRWK V R P
that have to be addressed, and provide some insight into why the process can be argthy one.

General solution cost, signal robustness, technical feasibility, scalahtiip, dwareness
MAC supplements MAC changes needed, power management, power consumption
PHY layer size and form factor, bit rate and throughput, simutametaysepation, signal acquisition,

range, sensitivity, multi-path, antenna practicality




.H\WLJKW _ 80WUD :LGHEDQG &RPPXQLFDWLRQ 5) OHDVXUHPHQWY $SSOLFDWLRQ 1RWH

Signal generation and modulation

7KH KLJK UDWH 5) SK\WLFDO OD\HUW LYRMW I[HHHQF R Q¥ HQWRLRRBW H & X YW KLDV
D DOWHUQDWLYH KLJK UDWH 3+< WHRW HMWNSHPRH. &/MIEA G\ BADIMUBIHVE MG \D WD B G

the one this application note addresses.

Most engineers are used to data being modulated onto a radio carrier before &msmission. There are

many ways of generating and modulating that carrier. Two of particular irgrest for UWB are discussed

KHUH EXW WKH oUVW GHVFULSWLRQ LV RI D WHRIGQLWXIHV LKDW GZBHMYV QRW XVH D F
initially thought might be the basis for UWB radios.

Baseband pulsed
Here, the RF energy is derived from the spectral components of a baseband sigh

Pulse shape

The pulse shape determines the spectrum shape, or envelope. The most dealble pulse shapes have a

EURDG pDW WRS LQ WKH VSHFWUXP VLQFH WX D\ 6 R PIHG PHYGWMKHMWKRWDO WUDQVPL
UHJXODWLRQV 8:% LV QRW WKH oUVW WHFKQRORI WWRUXERSW H. XD QWRY DIWIHY H SXOV
VSHFLoF VSHFWUDO FKDUDFWHULVWLFVFX®& W HMNMURVHETGXHEAAUBQYHOI\RMMWHGLD @\
VLIQLoOFDQW GLVWDQFH $V DQ H[DPSOH OD@RKHDYWWW H) WRGDYRZO WRIGRSWHG P

problem.

Figure 2 shows the time and spectrum waveforms of a simple bipolar pulse. Wiilthe low frequency
energy is lower than a uni-polar pulse, the second lobe is only 10 dB below the mainr®. The frequency
EDQG RI WKH VHFRQG RU KLJKHU OREH PD\ RO PR WO WNHILRO Z&RQVE 6 HUHIHEHHG D G (

Generating a UWB RF signal using a short, very fast pulse is conceptually théngplest method. The

relationship between the time domain and the spectrum is derived from bais Fourier analysis. With the

ultra fast switching speeds of modern digital devices it is no longer necesary to use specialist

FRPSRQHQWY OLNH VWHS UHFRYHU\ GLRGHY\WURDYRIOD EDHS WVBIDIVY VAV WIRW D QIGF R P
time domain pulse shaping can be used to remove unwanted spectral energy.dgne innovative pulses

shapes even allow notches in the spectrum to be created, but these will requir more sophisticated

implementations than described here. The right hand plot in Figure 2 givesraindication of how these

pulse shapes might appear.

Pulse shape determines

H t |- spectrum envelope ‘
. Complex Pulse Shaping
o Transmit Band
Eﬂ - =~
o
S Z
—"| g
T s |
\]
o — - >
Time 1t Frequency Time

Figure 2. Time and spectrum plots for a bipolar pulse, and an example of a comptepulse with a more desirable spectrum shape.

The promise of a low cost implementation will be at the root of R&D work for many yearto come, but it
seems unlikely a baseband pulsed approach will be used for early mainstaen devices because reliably
VKDSLQJ WKH VSHFWUXP LV GLIoOFXOW



.H\WLJKW _ 80WUD :LGHEDQG &RPPXQLFDWLRQ 5) OHDVXUHPHQWY $SSOLFDWLRQ 1RWH

Pulse spacing

The pulse spacing determines the frequency between adjacent signal comp@nts seen on a spectrum
analyzer. Since user data is applied to change some characteristic of theypse, the spacing also
determines the rate data may be sent.

Spectrum regulation measurements most often use a 1 MHz resolution banslidth. For a repetitive
signal, this means signal components of 1 MHz and above can be seen (resolvedsdretely on the
analyzer’s display, while low frequency components cannot. However a lovepetition rate does not suit
fast data transfer, and also will require a higher pulse voltage for the same peer spectrum density.
Considering the signal in the time domain, whenever the voltage is zero, the is no energy being
transmitted.

Any repetitive element in the time domain will show as spikes (discrete tags) in the frequency

spectrum, so it essential to “whiten” the pulse structure regardless of ser data. What are required are

tightly spaced pulses with their amplitude, timing, or shape adjusted in a wg that cancels out any

GLVFUHWH VSHFWUDO DFWLYLW\ )LJXUH RQ S\OLAH VKRZV KRZ WKLV PD\ ORRN L

Transmitter

The block diagram in Figure 3 shows the main components within a baseband pulderadio. Going from
right to left in the lower half of the diagram, the incoming user data is packaged ito a formatted

signal with a preamble, header, and footer. The data stream is then passed foradulation. The simplest
schemes might use pulse position modulation, but amplitude and even shape odulation may be
employed.

Signal timing is derived from a crystal reference. An allowance is made witn the radio standards for
static frequency errors, but timing jitter caused by noise in the oscilladr or the circuits it drives, will
reduce the radio link’s performance. Timing jitter and phase noise are diéfent views of the same thing —
spectral noise.

un
| ] ,
fD *{}% <
T
A

:‘
[—> O
A
RNt
11;
VAN
1

T
&

Figure 3. Block diagram of basic baseband pulsed UWB radio. Some designs d@nthe sample and hold circuit.




10 | Keysight | Ultra-Wideband Communication RF Measurements - Application Note

The pulse generator shown in this diagram is very simple. A pulse generator ékhis will require
VRSKLVWLFDWHG oOWHULQJ WR PHHW VSHFWUXP UHJXODWLRQ UHTXLUHPHQWYV

7KH 8:% GHYLFHVY HQYLVDJHG IRU ,((( D VWDQUPAWH DHFHISYFHDFNHW EDVHG W!
technique. Being able to turn off as much circuitry as possible when it is not in use iV remain vital to
meet the battery consumption expectations.

A single RF switch and antenna is shown. Spatial diversity transmission drreception is not appropriate
for UWB, because an UWB signal does not suffer from the narrowband fades thangéenna switching
tackles.

Receiver

Interference is the biggest problem for most radio designs, and an UWB receer is particularly sensitive

to high-level signals simply because of the wide input frequency range. For UW consumer

DSSOLFDWLRQV DQ ,((( D WUDQVPLWWHWREH WKH KD BKWQH. WK QKNAK WR
deal. A good demodulator can separate a wanted signal from interference,salong as the distortion is

OLQHDU 7KLV PHDQV WKH DPSOLOHU FKDLQ &Q UWRKHKU Bk HOLHYHHIO PKIVOW EERIVZW R DWS U R
would cause them to distort the combined signal.

$IWHU EDQG SDVV oOWHULQJ WKH SXOVHX \PXIWIOS ORHY MEKWRVD JRRDWU BOD @ R G HDK
version of itself. The correlator can take different forms, one of the simpkt being a very high-speed

sample and hold. The baseband timing circuit needs to synchronize the timgof the sampling. It does

WKLV E\ ORRNLQJ IRU UHDGLO\ LGHQWLOoDEPHO$DUWY Rl WKH UDGLR VLJQDO LQ Wk

0OXOWL SDWK UHpHFWLRQV PHDQ WKH SXOVHHIDIYQSISRWPXLWRDBEH DDU IPRUBW WKH UH
complex than what was transmitted. Figure 4 gives an indication of what mighbe seen for an isolated

pulse. More sophisticated correlators and multi-tap rake receives can be used to capture more energy,

but the designer has to trade off performance with complexity and associad power consumption.

300 - Leading edge

200 !

100 i 3 ‘

-100 i T i

200 ]

.3p0 +-lme innanoseconds : . - : = . : L
0 6 12 18 24 30 36 42 48 54 60

JLIXUH ([DPSOH RI WKH FRPSOH[LW\ RI DQ LWROBWW®& SXOMAWIDR'GINRDFR \GHXHQWER PXUHFHLYHU
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Pulse modulated RF

([DPLQDWLRQ RI WKH SXOVH ZDYHIRUPV QHHGH® WRHRUHDRMWHODL NEHD) @& H & W\S IRF W U X F

a few cycles of a carrier. The simplest extension from the bipolar pulse of Figel 2, the Gaussian
PRQR SXOVH VKRZQ LQ )LJXUH ORRNV OLNH D VLQJOH VLQH ZDYH F\FOH

A A\«—»

JLIXUH 7LPH DQG VSHFWUXP SORWYV RI *DXYVIVRDW LIRRQW RS R CADHJ WMLKHRJZ E QRIOBIS SU R

This points to the use of conventional frequency mixing as a way to generate theWB signal, which has
become more popular. Figure 6 shows spectrum analyzer plots for signalsreated in this way.
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JLIXUH 6SHFWUD RI D SXOVHG 0+] FDUUGKNU 7KHWRD G UILHU HOQWW NADIBQ WKR 3@ WDL\RD GLVFUHWH WRQH FL

in lower right plot is due to imperfect mixer balance.

Figure 6 shows how the energy gets distributed very broadly across the spé&wm as the on-period is
UHGXFHG WR WKH SRLQW ZKHUH WKHUH DUH RQOHD THKEW VWSHFWRIX®WKH FDUULHU

behavior is entirely predictable, but few RF engineers will have had reas to experiment with pulses this
narrow. Pulse modulation usually involves hundreds of cycles of the camr.

2Q SDSHU WKH LPSOHPHQWDWLRQ ORRNV PRUHDRRAFQWLED W WEDBX\WW BXOWHSO\LQJ
HDVHV VRPH RI WKH VLIQLoFDQW SUREOHRBVYRGOPLMVEDE WRUURDPDRLEH QRU BRVW

given RF bandwidth only half that bandwidth value is needed at IF. In the time dosin, the pulse rise
time can be half the speed needed for the same bandwidth generated using a basand pulse system.

L
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JLIXUH %ORFN GLDJUDP RI SXOVH PRGXODWHG 5) 8:% UDGLR

Transmitter

JLIXUH VKRZV KRZ WKH 5) IJURQW HQG QRZ ORRNYHVHRLMWHDY WRI RRWKIHWY RSO HUKHW
signal paths are shown at various points, to indicate how this has become an egntial part of circuit

design and is progressively moving beyond the IC itself. The usual issue$ carrier

generation apply.

Unlike the baseband pulsed system, the voltage of the transmitted RF wavefm — as seen on an
oscilloscope — no longer shows the shape of the pulse the receiver recoverfulse shape measurements
will require the signal to be demodulated.
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YLIXUH
pulsed RF signal, and the recovered pulse shape.

,Q JLIXUH

multiplier means it is actually an extension of binary phase shift keyingdPSK). The inter-pulse spacing
may be very short. The bottom trace shows how the pulses may partially oventain a practical UWB

implementation.

$ OHFWRU 6LJQDO $QDO\]HU VRWALRMUHWP KEHQUR-RRRZ'BRREXWWOH WLPH YROWDJH ZDYHIRUP F

D URRW UDLVHG FRVLQH SXOVH LV RERZRHZG§ WKP®OGIULWROEN DPSOLWXGH
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Direct sequence UWB (DS-UWB) modulation

The options for signal modulation are very similar to the baseband pulsed syem. The direct sequence

8:% '6 8:% SURSRVDO IR U addresses the riged for closely shaped pulses with long

repeat intervals by using code sequence modulation. Modulation involv&choosing between symbols

made up of carefully chosen pulse sequences, alternating between +1, —1nal possibly 0. These may

EH DSSOLHG DV %36. RU 436. )LJXUH VKRZV D VKRUW STKHWSRDODRBH RI WKHVH W\T
VSDFLQJ LQ WKH FHQWHU SORW RI WKLV 0JXUH ZDV H KRFRY HWURH @ KIREGKRZ WKH SXC
does not represent the real signal.

$ FRPPRQ FU\WVWDO UHIHUHQFH ZLOO EH XVHIGDIRUHEDUKQB W IDRQGV BX® EHWZIIPHQJ J
the carrier frequency and pulse period. Some designs may use a variety of latoscillator frequencies to
provide the right combinations of spectrum use and data throughput.

Receiver

B3RVW GRZQ FRQYHUVLRQ oOWHULQJ SURYIHGHYRWRHPHVL B G L \K K R/Q\N BHL QWEHDWIG DL G W K
has to be so wide it is not as effective as a normal narrow band radio. The recovered Ise can either be

IHG WR D VLPSOH FRUUHODWRU RU DV VKRZQ @ FRQWHWWHWHVHR®W WRIDY DQDORJ W
signal processing (DSP) on the ADC output is used to recover the original sigl. Over time, designs will

FKDQJH WR XVH HYHU IDVWHU $'&V 7KLV ZLGA YHUQRVZRPRH KE RQHQBEIOIbWWBOLQJ DQ
rather than relying on analog circuit performance. For DS-UWAB, it is the reeiver’s correlation of symbol

pulse sequences that is more important than individual pulses.

Orthogonal frequency division multiplexing (OFDM)

Based on the availability of high speed DSP, OFDM is becoming a very populariioat, used in

WHFKQRORJLHYV VXFK DV GLJLWDO YLGHR EURTDKGFEVWLF PHFKQQ@LYR LV WRDQG J
divide the payload data between many (synchronous) sub-carriers, resting in a reduced symbol rate for

each carrier, rather than using a much higher rate for a single carrier. In theme domain, this extends the

time period over which a data bit is received, and makes it less affected by mutpath and narrow-band

LOQWHUIHUHQFH 7KH GHOD\ VSUHDG WKDW KDV OWREHVEPERFPRRGBWIBEH WRRQVLGH
the shorter (10 m) expected operating range.

While the radio again looks complex, OFDM has a humber of characteristics that ake it a realistic

SRVVLELOLW)\ IRU 8:% $V ZHOO EHLQJ SRMWUKHABWHQ BPI®\ IWR EODWWDWR @ ® CGMHo @B ®/ K LQ
VSHFWUXP VKDSH DQG LV VFDODEOH DFFRUGLIQRPXWR WKH GDWD UDWHV UHTXLUHG
instantaneous bandwidth set by United States’ regulations deternmies the lowest DSP processing rates

that can be used.

J)LIXUH VKRZV D W\SLFDO EORFN GLDJUDP IRU DQWX'BWDPGERR[LDUIWK D FKRLFH RI \
Given the bandwidth of the signals being sent to the ADC/DAC, it is possible fohem to become part of
the RF section (e.g. in a silicon-gemanium IC), but the digital interfacesithen a challenge to implement.

Ay H 0 A ﬁ? —

J)LIXUH %ORFN GLDJUDP RI 2)'0 8:% UDGLR



14 | Keysight | Ultra-Wideband Communication RF Measurements - Application Note

Frequency switching

One of the unusual parts of this radio is the carrier generation. The maximum$P circuits currently

UHDOL]DEOH FDQ RQO\ JHQHUDWH VLIQDOV ZILGMKD SRURD NFHDXMHORI PRUWHSRIEDQG
the spectrum, the frequency is hopped at the OFDM symbol rate. See Figure 10. Uké technologies like

Bluetooth, the frequency is changed so rapidly it is not possible to use a singlphase-locked oscillator.

All the frequencies needed are generated continuously, and a switch setés the one required. There

DUH WRR IHZ TUHTXHQFLHY WR EHQHoW IURP XW.HUQ@ OB GRIPTMXHIK\HIQMF\ VHOHF W I
VZLWFKHG LQ RQ D VPDOO QXPEHU RI SDWWHUUKWYW ZKLFK LGHQWLOHY D SDUWLFXO|

Figure 10. Frequency switching for each symbol of UWB-OFDM burst.

Modulation

/IRZHU RUGHU PRGXODWLRQV OLNH %36. DQG 436. ZLOCHEBXWH®HKHK) DQ 8:% 2)'0 UD
ZLGH EDQGZLGWKY SURYLGH VXIoFLHQW FDSDRUW\KDLQKHWKRHUSRIRIU 615 GRHV QRW
modulation. The number of bits in the ADC has to be limited due to the very high samplingates. Four

RU oYH ELWV VKRXOG EH VXIoFLHQW

As with other schemes using OFDM the preamble will use the most robust, lowestrder, modulation. The
preamble is spread over all the frequencies to be used, allowing the equalizepotform the best estimate
of the channel.

JRU ORZHU XVHU GDWD UDWHV D IXUWKHU VHPSHLO FORVPISSRQHQYQBRMWLEBH6ZKHUH R
signal is needed. As shown in Figure 11, it is noticeable that the spectrum bemnmes symmetric when this
is happening. The single baseband signal has half the bandwidth of the modated RF signal.

JLIXUH 7LPH JDWHG VSHFEWUXP XVLQJ RVWIZOORY EZR 9/HK DQ*®XVVEDG@ HWR oOWHU ,W VKRZV IRXU SRL
during an OFDM burst with real-only modulation data. The spectrum is symmitrical around the center. This effect is seen with any
scheme that allows for real-component only modulation, including 2BOK DS-UWB.
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TDMA and packet structures

The discussion so far has been largely about the RF signal. Many layers of pocbl are laid on top of this.

7KH GHWDLOV RI WKH IUDPH VWUXFWXUH GHSHQGKRQHVIKXHH3IY W LROPBMLEHLQJI HPSC
developed. This application note will therefore not attempt to descrile these in detail. The medium

DFFHVV FRQWURO SURWRFRO IRU D HAOORGBUDZ KHEXLEK K@ WEBDW GHYHORS
number of mechanisms to reduce signalling overhead.

$Q 8:% GHYLFH IRU GDWD FRPPXQLFDWLRQ BROOWUDQOQWEPRWY RU UHFHLYHV DV
Transmissions occur as packets (frames), which vary in length and spagj, usually for a few hundred

microseconds. This means the frame contains hundreds of thousands of BSWB pulses, or around a

thousand OFDM symbols.

Notes on MB-OFDM

The basic structure proposed WR , ((( D IRU PXOWL EDQG 2)'0 LV VKRZQ LQ )LJXUH W L
VLPLODU WR H[LVWLQJ :/$1 IUDPHV 7KH SUHDPEOBQE® REBSVE\WRKH UHFHLYHU WR
impairments on the input signal. Depending on the modulation format, this ca involve frequency and

phase error equalizing, and time alignment. Since the signal is spread over uftiple frequency bands, the

path correction has to be calculated for all these bands.

The header contains a lot of information including the destination addess and the format of the

remainder of the burst. User data is transferred from the original packes, which are fed to the MAC layer.

/IRQJ SDFNHWV PD\ EH IUDJPHQWHG EURNHQ XBSURWKMWKDBD®IREHWHUPLQHY WKLV
performance.

.€ o oo

}47 . 4>}<7nf"f ...... foi f if ” ™

Figure 12. Frame structure for UWB-OFDM format.
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Notes on pulse modulated RF DS-UWB

The frame for a pulse stream systeh ORRNV VLPLODU VHH )LIJXUH EXW WKHUH DUH VLJQLOFDQ
GLIIHUHQFHV )RU H[DPSOH LQGLYLGXDO SIITKRIQ@HWR | DWHWL Gotl Q L dH-G E\QDWKRHD O O
ORFDO RVFLOODWRU 7KLV LV GHVLJQHG WRKEHR QD]DVEIORQ GHBWHYBEQOH GXULQJ Wi
recovering the data, the pulse data coding is such that it is the correlation 6the code sequence that is

most important.

}F e Te £ 4‘

Figure 13. Frame structure for DS-UWB format.

In both schemes, each frame is recovered in isolation. The channel equalizan is done on a small part
of each frame and may need to use only a few microseconds worth of data. This meanpexcial care is
required to ensure this part of the signal is stable relative to the remainder bthe frame.
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2. Simulation

Circuit and channel simulation are vital elements in the design of a new radioystem. It is important to
EH DEOH WR EXLOG XS D FRPSOH[ VA\VWHP IURP DFFXHOWHY FIRHP SRIQHOQMGPRGHOV Wk

against real-life measurements. Integrated links to test equipment (intuding logic analyzers) and the
$ 96% VRIWZDUH PDNH WKLV HDVLHU W LXQWKHRBRIO¥ H ¥ ELHRKQQBFWHGE IJKW 7H|

Solutions. The system shown in Figure 14 is an example of a DesignGuide, whiallows block-by-block
construction of the simulated system. It shows how a complete path, from b#-in to bits-out can be

created.

JLIXUH $'6 8:% 'HVLIQ*XLGH VFKHPDWLF VKRZO%Q 2 WK N LEXQDOGG 1R Q HEHWIRWR VYV R7 KH 96% VRIWZDUH

is built-in to allow analysis of the simulated signals.

DesignGuides are being developed for other UWB formats. Check for furén details on
http://feesof.tm.keysight.com/products/ultra_wideband _dg.html.
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5) 3+<VLFDO /D\HU 7HVW

7KH GHOQLWLRQ RI ZKDW DUH VXLWDEOH PHDNK\FBDPHRIWY @HZV RVHYRGIUHE GXWLQJ
WKH WLPH RI ZULWLQJ 8:% LV VWLOO DW D IQIUMRR®DWED Y VEDIIKMVRHIGGIHRYUHD RSPHQW
wide range of analysis based on the most fundamental properties of a desigrsuch as power, frequency,

and existing modulation formats. This document describes some of the last techniques available.

$ ORW RI ZRUN KDV EHHQ GRQH WR GHOoQH WKHWVIS SQ RGKIH BWY HWHG BW D X\VPH M HA K D\D \
has resulted in some test limits being adopted, but work continues (such asiithe ITU-R committee) to
reach agreement in other regions.

Test metrics will need to be agreed upon to ensure radios from different vends meet a minimum level

of performance for interoperability. This has not yet happened, but thee are a number of measurements

WKDW FDQ EH H[SHFWHG WR EH XVHIXO SDHWIQFRXHDAIHGE DQ RKQH VADLD@EBWEH UV WK
such as what happens before the packet preamble.

8:% LV DQ XQGHUOD\ WHFKQRORJ\ DQG WK HQYUWHIRLAW. Q WNHXUH H U KK PHD MOH VWODCH) LW C
specifying the conditions that will be usefully representative, witiout seeing an explosion in the number

Rl WHVW FDVHVY 0DQ\ GLITHUHQW W\SHV RI 8W4LQ@DBTRNVSPIHIQONEFHD QOFHR XQWEUHG (
to approximate many of these. This provides a means to test for areas of vulredsility, while retaining

PH[LELOLW\

The radio standard determines how effectively the available spectma is used. Adjacent channel
spectrum testing is only applicable if the RF is split into frequency bands. \ith pulsed radio this is not
the case, but multiple piconets still have to work simultaneously. In CDM#@ne cellular a similar issue is
dealt with using a peak code domain error measurement, where the effectevleakage onto other codes is
assessed. Different techniques, based on the pulse timing and shape may be oe, but have yet to

EH GHoQHG

Table 3. Equipment suitable for different té&Skme restrictions apply.)
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Radio development

Spectrum regulation

Interoperability

Interference

Spectrum occupancy
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4. Interference Testing for Non-UWB Devices

If UWB is to act as an underlay technology, it needs to be shown to have a minimal imgaon existing

spectrum users. As is clear from the descriptions earlier in this applid&éon note, there are many ways to

JHQHUDWH DQ 8:% VLJQDO :KHQ FRQVLGREUQ®JRLD WRIRH HiLH QEHOWW V WQ QU K 1B OVOHR/ W
VRXUFH LV WKHUHIRUH OLNHO\ WR EH EHQHFDERXWI WKHLFRDRU®D W RVPR EBDWILIR FKR

7KH oUVW VWHS WR FRQVLGHU IRU DQ LQWHU | HEDDH)@GF W RMWHAY W W YDIUI DW WKHDQ LQ ED
YLFWLP UHFHLYHU LV FRQFHUQHG )LJXUH DQG WRWWoHY RKEBUR E D EZXK\L WK HS BRIMW E
interest, unless the UWB device is to be co-located in the same appliance as thpotential victim.

oo e oo of o o ’f

JLIXUH ,Q EDQG YHUVXV RXW RI EDQEFWQRWWUIHUHQFH IRU GLITHUHQW YL

Out-of-band (for the victim)

It is possible to test the rejection of the DUT to out-of-band frequencies, btifor modern radios, like
cell-phones, it should be very good. Ironically, some high power cellulaTDMA systems, like GSM,
GR FDXVH LQWHUIHUHQFH EXW ZLWK QRQ EPpWHGXHWG\VWKIHQUWEW DDUXH KLWKH UL

enough for unintentional reception in low frequency circuits that ae not well-screened. Non-linearities in
the circuits provide unwanted amplitude demodulation. The relativel low repetition rate of the RF bursts
makes it easy to literally hear the result.

:/$1 VLIQDOV DUH DOVR WUDQVPLWWHG DV EXTUWW\DRG5W KEHX &/LWWH MLXIW DRQORIIY H C
WKH EXUVWV LV PRUH UDQGRP 7KHUH KDYH EHHQ3$HZ8R¥E WILRRD® ILMFWYV (DFK IUD
VWLOO WUDQVPLWWHG DV DQ 5) EXUVW EXW WHKHODP 300 WXEFH) HYWHKYHQ ORZHU WK

signal is transmitted in shorts bursts throughout each frame, the repetion rate is very high. It seems
XQOLNHO\ WKDW WKHUH ZLOO EH D JHQHWRDJOVSWHFEOH R/ L VOXHW WRQD WIXFF®& PRQWLQX

satellite reception.

In-band (for the victim)

The interference is in-band if the victim’s input frequency is within the UWBransmit frequency band,
RU LI D SUDFWLFDO WUDQVPLW oOWHU RQ W KHHG8V% CAHEWDWLFGE PRIMSYRHYHBMDW X UDEOH

We cannot assume the UWB device will be any better than the normal regulatory iguirement and we
therefore can use this as the nominal test limit.
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'"HYLFH WHVW FRQo0oJXUDWLRQ

The effect of interference on the victim needs to be assessed in as quantitag a method as possible.
Four factors need to be understood:

— type of victim receiver (digital or analog). Protection provided by mdulation or coding
formats — what is the most sensitive format to interference?

— operating link margin for the victim system

— nature of the interference

— the power level of interference at victim receiver input

JRU D GLJLWDO UHFHLYHU D SUDFWLFDO WHVW RIUWDKMHLPSBFRUPHD MANHWVWH WKH IRU
HUURU UDWH 3(5 WHVW LQ WKH GHYLFH XQGHU @ HWWVK®OW UWHE8HDZERPWN RI D 3|
show how much margin there is between good and poor levels of operation. Thisan be partly

addressed by attenuating the wanted signal until it is on the verge of failig. Alternatively, note that

systems using error correction frequently have a mechanism to show how minccorrection is being

applied by the digital signal processor (DSP) in the receiver. The signal qlity indication may even be

PDGH DYDLODEOH WR WKH QRUPDO XVHU DV LVGRPH PR \SH RRUGHNVIDMPD O 79 LQ WKHFH
LPSURYHG PHWULF FRPSDUHG WR 3(5 RU ZDWFKWQZDWHKHDIXQ®OHR/RLIQORVOLGK HFLDO \
the information needed, although it may not be widely available.

(YHQ XVLQJ WKLV WHFKQLTXH WKH UHVXOW QHIHWIGH RIF WKMH WKBHHILYA W PSKOHHPHQ
most thorough understanding of how the interference affects the victin is to measure the analog signal

UHFRYHUHG E\ WKH YLFWLP ORQLWRULQJ (20 W \DXQOMWW KYKWILDWRIWRB DKYDORIHW
why bit errors occur, especially if a time capture of the combined signal is avable to show the relative

WLPLQJ RI ELW HUURU DQG (90 HUURU
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RF signal coupling

In practice, the interference will usually (not always, we need to watch thesiolation of connecting leads)

JHW LQWR WKH YLFWLP YLD LWV DQWHQQD QR+WEKHYHY DOQFDWOMWMUDFWLYH WHVW FI
connection to the victim’s receiver will provide far more repeatable meaurements. Measurement

variations will be reduced if the victim system is left as close to complete as pasble.

A way to cross-calibrate the overall measurement path is to make use of the almdute level accuracy of

WKH 5) VLIJQDO JHQHUDWRU XVLQJ WKH FRQOBHXDDRMLVRODILQ )$5%U H 'LWK D VXLW
waveform, the generator can produce a signal the DUT can recognize. The reise signal strength

indication (RSSI) result from the application software associated ith the DUT allows a reference power

OHYHO WR EH GHoQHG DW WKH '87 LQSXW ,W PD\ ERWQWMWEHVDEOHWRHVRQWDFW WK
software. The ARB waveform may also need to come from the DUT supplier, but ezfto Use of captured

WLPH UHFRUGY RQ SDJH IRU GHWDLOV RQ WLPH FDSWXUHG ZDYHIRUPV

T ; \

Figure 16. Calibrating the path loss using a signal generator.

The path loss needs to be separately measured using calibrated antennash@&re are a number of
methods the path loss can be found, depending on access to antenna feeds. Someeadescribed in
Antenna and channel response measurements on page 26.
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Generating the interference signal

While the radio standards are evolving, generating a test signal that hasimilar characteristics may be

more useful than trying to exactly emulate a particular signal. For a radio mdule with good RF isolation

from the power supply and baseband, a signal that is wide relative to the input badwidth of the DUT will

RIWHQ EH VXIoFLHQW 'LITHUHQW VHW XSV DBMOPHMHIGHG IRU SXOVHG RU 0% 2)'0 VL

Frequency switched OFDM

Within the bandwidth of the victim receiver, a MB-OFDM signal can be apprarmated with an

5) PRGXODWHG QRLVH VRXUFH WKDW LV ZLGHU WW DY WK HWHAKMGEL Rj¥ LRAIBXW EDQGZ
QV DQG RII IRU QV LW VLPXODWHVY D ZRUVW FVVHRQVHFKDRUMXH IRXUWDRI EDQG &
three-frequency system. The equipment needed for this is:

- (6* & ZLWK ZLGHEDQG $5% QRLVH 2SWLRQ DE®B HIWHUQDO SXOVH PRGXODWL
— 3323x function generator

6HW WKH EDQGZLGWK RI WKH ZKLWH QRLVH WRRQ Q€] WXKVH. Q&8* WKHHOIHFWHU QDO QRLV
(IWHUQDO 3XOVH ORGXODWLRQ DQG XVH WKH IXROWLER® RHQAKMWRU WR VZLWFK W
VKRXOG EH 0+] DQG WKH SXOVH GXUDWLRQ a LOOQWRRINJ®UNH VKRZV ZKDW WK

JLIXUH 3XOVHG QRLVH VSHFWUXP DQG WLPH OLQHDU PDJQLWXGH GLVSOD\V

([ WHUQDO ORVV QHHGV WR EH DFFRPPRGDWHG H\(B® RXMBWKWY B WAHU5) RXWSXW SR
should not increased beyond ~+10 dBm to avoid compressing the signal peak&or testing out of band,

the RF level should be adjusted to be the maximum allowed by the spectrum regutens for the

particular frequency range.
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Pulsed and pulse modulated

Within the receiver bandwidth of the victim, the spectrum of the pulsed sigal, as measured with a
VSHFWUXP DQDO\J]HU ZLOO ORRN TXLWH pDW LHEXWNOVKHMH WWWIWWELHN WRLXVVRDYWKH WLPH

The real system DS-UWB system uses shaped pulses of approximately 1 ns duiat to synchronously

modulate a local oscillator. The position, polarity, and possibly evenhte shape of the pulse are changed

to modulate data onto the RF signal. Accurately simulating this with geneal-purpose equipment is very

GLIOFXOW EXW VHYHUDO DSSUR[LPDWURMVLQKWKB G8RLWROW KKW R Q\RWHIMLWXOVHC
interference.

UWB pulsed source

$ ZLGHEDQG VROXWLRQ LV WR XVH D KLJK VSHHG SXXO®WH JHH@QHHWIDWRW FER GXDO Fl
EH FRQoJXUHG WR JHQHUDWH D QRLVH OLNH BLNSRDQWEBDXWB G/ WRBHDWPH IRWHL WMV W ZR
signals using a timing offset between them. The equipment needed is:

- SXOVH JHQHUDWRU
- HLWKHU (6* & ZLWK D VXLWDEOH HIWHUQDORXRXEOH EDODQFHG PL[HU RU 36* 2!

7KH FRQoJXUDWLRQ LV EDVLFDOO\ WKDW VKRZQ LQ JMHKEHLVRK SDJH 7KH , RU 4
36* 2SWLRQ RU ERWK WR FUHDWH 436. LI WKHVGWLYLAMKDWAHMELQJ EVQYDLODE
start with simply generating narrow pulses and noting any effect on the DUT, @t this kind of signal is not

related to DS-UWB.

7R FUHDWH DQ DSSUR[LPDWLRQ WR WKH '6 8:% VLJQDEG &KV LIQYGD&KR RHU W KH D
splitter. Using the Data Mode, the data patterns are programmed to providelie +1, -1 and O states

required. The channel output voltage needs to be doubled to take account of the Iss in the splitter.

Timing differences between the channels can be corrected using the Delaydfustment. A small DC

offset may be needed to minimize carrier feed-through.

Channel 1 Channel 2 Sum
0 -1

| O |+ | O

0
1
1

The RF output should be set to give the required power spectral density (PSD) in a 1H# bandwidth
using an average detector (for example, —41.3 dBm/MHz for center frequenes between 3.1 and 10 GHz.)
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Restricted bandwidth pulsed source

As with the OFDM interferer example, this technique is based on creating what ¢hDUT'’s receiver will

be exposed to within its RF input bandwidth. Just part of the spectral content of he DS-UWB signal is

FUHDWHG XVLQJ WKH $5% LQ WKH (6* 7KLV VLIQDGWRXOG EBYHRPUBD VLPXODWLRQ
XVLQJ WKH WHFKQLTXH GLVFXVVHG LQ 8VH RI WLRHWKOSWXYWBUHHYFEDQGYV RQ SDJH
will increase the maximum length of time recording.

JLIXUH VKRZV KRZ WKH VLIJQDO DPSOLWXGH ZLWK MQGAEtGEWXDQ LV UHGXFHG IUFR
signal, and how the modulation looks more noise- like as a time-domain waveirm. The pulse shaping is

QR ORQJHU YLVLEOH 7KH &&') VHH 3HDN RXWSXW BRFBIO DSPSSPRWXSTHIMHY FRQoOUP
statistically more evenly distributed in a narrower analysis span.

Some evidence of the (4104 MHz) carrier may be found if the capture is done basedahe center

frequency. Tuning away from the center frequency removes this effect, sie the carrier is no longer

FRQWDLQHG LQ WKH PHDVXUHPHQW 7KH 96% XRIDWIDRIMH HYHIER @ B/ K BFHWXRBI”E WKLY
time record because of the re-sampling algorithms it uses.

JLIXUH 6SHFWUXP DQG WLPH GRPDLQ SORWYV RS WUOBHY ODLQE VLI@D ERRUWRRIWWRFHY TUHTXHQF\
spans. The lower traces of voltage (middle) and CCDF (right-hand) show éhincreasingly noise-like nature of the signal as the
analysis bandwidth is reduced.

7KH EDQG SRZHU PDUNHUV XVHG LQ )LJXUH LQGLADVKH XHR EMHKPM 36" PD\ EH PHDV
spaced more widely than the normal 1 MHz requirement to avoid the spectral eéfcts due to the very

short FFT time lengths. A 10 log scaling should be applied to the selected bamwidth to convert to a

1 MHz bandwidth.
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&RPSRQHQW DQG 1HWZRUN OHDVXUHPHQWYV

&RPSRQHQW LPSHGDQFH DQG UHpHFWLRQ PHDVXUHPHQWYV

Unintended RF signal loss degrades the system operation and has to be avad. Impedance
mis-matches (such as between the antenna and DUT input), are one of the ways sighloss occurs.
Matching takes extra attention when operating over a multi-GHz range.

Using a very fast voltage step, or pulse, is a well-known technique for examing the performance of
transmission lines. It is a cost-effective and intuitive way of assessg UWB impedance matching.

JLIXUH 7'5 UHpHFWLRQV DORQJ D SULQWHG FLUFXLW ERDUG oOWHU

The basic assumption is that the bandwidth of the DUT is very wide and goes down toyofrequencies.
Otherwise, the picture becomes distorted. As the voltage step of the test ghal travels down the line,
LI WKH OLQH LPSHGDQFH FKDQJHV VRPH RI WKW VR QQUWDWLH/ KDHVD WRWEHG VORE SXO V'

enough to cope with the longest delay expected.

8VLQJ DQ DV WKH WHVW WRRO )LJXUH VKRZ D A5 NSILW DL/ HHDWS RMORVH  ,Q WKL
translate what happens on the screen to problems with the circuit. More adanced techniques have been

introduced to improve the accuracy of the measurement. See references in Agndix B: Recommended

5HDGLQJ RQ SDJH IRU PRUH GHWDLOV

There are some situations when a voltage pulse approach may cause problems

— there is an active device in the circuit that cannot cope with the test signal

- WKH FLUFXLW LV EDQG OLPLWHG ZKLFKQILWWHR GBWVYSWBON GHpHRKOYWGWMRLIQDO PD
interpret

— there is RF attenuation before the circuit that is to be tested, which redues the amplitude of the
UHpHFWHG FRPSRQHQW

An alternative technique uses a vector network analyzer. The source powean be varied and a tuned
receiver gives increased dynamic range. Using an inverse Fast Fourigahsform it is possible to switch
from frequency to time domain. This technique has been further developed to bdw advanced
KZLQGRZLQJy Rl VSHFLoF SDUWV Rl WKH V\VWHP EHLQJ WHVWHG
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The choice of frequency domain parameters affects what will be seen in the tiezdomain window. If the
S* plot is affected, so will the time domain. For example:

— the highest test frequency determines the time/distance resoluion
— the number of frequency points determines the resolution between adjaent items on the trace

The measurement works on the principle that the voltage at one frequency pat is the vector sum of all
the system responses as the signal progresses through it. The frequency oféhest signal therefore has
WR EH VWDEOH IRU ORQJ HQRXJK IRU DOO VM ®DaFEH W IJHR/EBGRKR/ MV VOIRWK DV ) KWW W
RIWHQ HQFRXQWHUHG EXW oOWHUV ZLWK VWHHS HDESKMBQF\ UHVSRQVHYVY PD\ FDXV

Antenna and channel response measurements

7KH ,((( SURFHVV UHTXLUHVY D FKDQQHO PRGHO WREWRIDBGUHHGHXPEWR QY DWRRDOORZ W
proposals’. A new model was needed because earlier narrow-band models assumed freqoey-

independent scattering, which becomes invalid over the very wide fregency range of an UWB signal.

7KH ,((( PRGHO LV D FRPSOH[ H[SUHVVLRQ ZLWK WK P\DLUP Y IBHDEOHY EHLQJ WK}
VSUHDG DQG WKH QXPEHU RI VLIQLOFDQW PXOWL SDWK FRPSRQHQWYV

Some of the simplest channel measurements use a sampling oscilloscope, Wit high-level pulse being

used as the stimulus. A network analyzer is normally used for more detailednalysis, and was one of

WKH PHWKRGYV XVHG WR GHULYH WKH ,((( FKDQQHO PRI MWR BY PRARZRQUDW HLIXUH
a separate, triggered RF source to allow for longer range testing. A referee antenna allows antenna

pattern measurement to be included.

Test IF LO source
RF source (to Revr A in) (from PNA source out)
PSG series signal generator PSG series NA
PSG trig out
Reference IF
(to Revr R1in) .
PSG trig in
L PSG trig out
PSG trig in

JLIXUH ([ WHQGHG UDQJH WHVW FRQo0JXU DY UR V SIR@MW HQRHD 8 R WHPHHIQQW P QB VRIQD D YHFWRU QHWZRUN
analyzer and triggered external RF source.
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A third option is to use a real-time oscilloscope in combination with post-apture analysis. Subject to

G\QDPLF UDQJH OLPLWDWLRQV RI WKH RWRLYD ORK/IAR 819 DURD HEKWHIUORYY WK P RRVDW
complete set of channel data to be acquired. Capturing signals using a two-bannel oscilloscope and

then correlating the data between the measurements allows the relatig timing of the signals to be seen.

9HFWRU DYHUDJLQJ DOORZV WKH HIIHFW RI QRLVH D BRHEHVXRBREHEHVIWKKIH FKDQQ'

alternatives.

Table 4. Comparison of different techniques for UWB path loss me&sureme
Sampling scope and pulseNetwork analyzer (ENA, Real time scope (54855)

generator (86100) PNA) and analysis software
(89601)
Information provided Simple. real time. Good fotsed for IEEE model vectéidlows use of DUT transmit

intuitive understanding if information. Swept sine signal. Good for
path not too complex/test wave stimulus. Use FFT tainderstanding time delay
signal pulses spaced well extract time response

apart
Separation of items Limited, amplitude only Good. Use standard Good. Use equalizer to
contributing to the calibration techniques to remove antenna response.
measurement improve accuracy of port Compare equalizer data
measurements likg S with model
Dynamic range Limited by broadband noidt¢ighest, especially with Limited by scope ADC

pRRU RU L QW H UeaxtethHl Qdutde \EInSugeD @3blution. Requires

including unwanted LO  cables do not suffer RF  external LNA. Ensure

feed-through leakage displayed trace amplitude
is as high as possible
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Use of equalizer characteristics

Fixed equalization is useful for making two measurement channels appeaothave identical responses.

This allows you to make stimulus-response measurements in either thedguency domain or the time

domain. It is a more powerful technique than frequency-domain normalizabn, but must be applied with

FDUH $Q H[DPSOH RI XVLQJ o[HG HTXDOL]DWLR QA& XN WWARD WKIIEQIQH PLP X DK X UHP H QW

O e

Figure 21. Using digitized signal for time correlation/coherence masurements.

7R REWDLQ VWLPXOXV UHVSRQVH PHDVXUHPHWWY XVLQJ WKH
D RVFLOORVFRSH

1. Connect a wide-band signal via a splitter to Channel 1 and Channel 2.
The signal must have energy (on average) throughout the band of frequendédor which you wish to
equalize. The best signals are white noise, chirps, or noise-like digitly modulated signals (OFDM).
They need not be periodic.
OHDV6HWXS ! $YHUDJH ! 506 9LGHR
&KRRVH VXIoFLHQW DYHUDJHVY WR UHGXFH WRWRULYSEBYHYDULDQFH QRLVH WR D
3. Trace > Data > ChX > Coherence
The coherence should be close to one across the span. Coherence usuallycheases with the number
of averages. If it is consistently low in some portions of your span, you may nddo change your
signal so that is has energy in these areas.
4. Trace > Data > ChX > Freq Response > Save > D1
The Data can be extracted for external use.
S8WLOLWLHV ! )LIHG (TXDOL]DWLRQ ! (TXDOL]DWLRQ ! &K ' RU
8WLOLWLHV ! )LIHG (TXDOL]DWLRQ ! (TXDOL]DWLRQ ! &K !'" I \QYHUW
, \RX QRZ UHSHDW WKH PHDVXUHPHQW WKH IRFOXWMROEH DHMS BRAUVMH/ KRXOG EH
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OXOoOwL SDWK UHpHFWLRQ DQG ZDYHOHWYV

Wavelet analysis is a type of windowed spectrum analysis. Unlike shottme Fourier analysis, with its
uniform time-frequency regions, wavelet analysis divides the timefrequency plane into non-uniform
regions.

In the context of UWB, the term wavelet has been used in connection with multi-pth propagation and
the composite signal levels a victim receiver experiences. This is of imest because of the need to
understand the effect of a large number of UWB devices on existing radio systes.

7KH FRQOJXUDWLRQ LQ )LIJXUH DOORZV WKHHWH[DH EFRHWG HDIKOHVILRDR WVRGK VLJIQD
D VSHFLoF W\SH Rl UDGLR GHSHQGV RQ LWV EDWORIZIEHGEKLDQE YPLREGIXWHBWWRQ IRUPD
FRQOJXUDWLRQ RQ SDJH $V VKRZQ LQ )LIJXUH DWWHKRZSEM WG JIJQWFHLY HLRLVH OLN
but the instantaneous vector sum will also depend on the frequency resporeof the path. Due to the

correlation time intervals involved, the envelope amplitude detecdr of a spectrum analyzer will usually

respond to multi-path signals as if they were uncorrelated noise. This tpic is still under discussion in the

spectrum regulatory agencies, but may affect the transmission power &wed for certain devices.

Differential network analysis

Driven by low voltage power supplies and the need to reduce coupling between dital and analog cir-

cuitry, differential signal paths are rapidly becoming a standard pratice in radio device design. A UWB

radio places special demands on the measurement of differential compants for two reasons. First,

EXLOGLQJ D SUDFWLFDO EDOXQ ZLWK WK HWQ HKHLWYVPHD GK DWKHH ROLWIFKULHQAW.VDGL | o F X
connection cannot be easily converted to a single-ended connection. Seawd, the separation between

RF and IF/baseband signal frequencies is reduced, making it more importanttfully understand any

limits in the isolation of different components through mode conversion

There are two modes the device has to be tested in: differential mode and common ode. Figure 22
shows the signal relationships for a fully balanced device.

Figure 22. Terminology for signals that apply to a differential device. i§nals referenced to each other are differential mode; signals
referenced to ground are common mode. Some devices may convert to a singlended, unbalanced, signal on the input or output.
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9HFWRU QHWZRUN DQDO\|HU WHFKQLTXHVDKDYGDHOANRQOY HBE\ W ®ICQEUBNE @ LG L RKUDHDQ W
ports, new measurements, and error correction techniques. Using a singlport stimulus, mixed mode

analysis is available. It allows the display of the conversion of signala bne mode to another. Instead of

justs,, WKH VWLPXOXV DQG UHVSRQVH PRGH LV QRZ VSHFILBH® 7KH H[DPSOH VKRZQ
and S $V ZLWK WKH RULJLQDO 6 SDUDPHWHUYV WKH AFRRDYHWWHRQUVWRU WKH UHV

CD21
in the subscript.

For linear analysis, the measurement accuracy is excellent, and many imp@ant characteristics such as
common mode rejection, can be thoroughly assessed.

For active components, both linear and non-linear analysis may be requad. The generation of a true
GLITHUHQWLDO GHJUHH WHVW VLJQDO RIYDBIUO &RIN¥UMYHNXO 6 REDGEHUILGMWKR Q VRO RWK H

practical error mechanisms is needed.

'LITHUHQW PHWKRGY KDYH DGYDQWDJHY DQG LVVXHV DV VXPPDUL]HG LQ 7DEOH

Table 5. Summary of issues for three methods of driving a differecgial devi

Linear analysis Non-linear analysis
Mixed mode Excellent parameter coverage Good. Common mode input
Independently drive each port. and accuracy parameters can show errors at
Mathematically derive and high signal levels. These may not
correct the results be of practical concern
Balun Cannot isolate common mode information
Build a custom physical part wiBalun imperfections give errordHair, if it is possible to get correct
best possible performance, sindéferential mode results phase relationship over the
error correction is limited bandwidth to be tested
Hybrid junction Excellent Good. Design of hybrid junction
Single port drive, but feedback limits performance

allows linear error correction

JLIXUH VKRZVY WKH FRQo0JXUDWLRQ IRU D QHZ MHFWREKXQH TXWLRIJIHUK\EULG MXQF
more than a plain balun, because the errors from the hybrid junction can be remwved from all the linear
measurements.

JLIXUH %DVLF FRQo0JXUDWLRQ IRU GHYLFH WHVW XVLQJ K\EULG MXQFWLRQ

Research continues to make differential device measurements more itightforward. Updated informa-
WLRQ PD\ EH IRXQG DW ZZZ NH\VLIJKW FRF SNFGKHNRDLGOMRX R EWQ R Q H/DHSISHQ AH V
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'HOWD DGGLWLYH (90

Conventional network analysis uses swept frequency or amplitude sine wa test signals. Moving beyond
this to analyze a system with a variety of life-like complex test signals rexads more about the effect of
non-linearities, and makes the transition from modeling and simulaibn to real hardware analysis more
straightforward.

— Ay A

-€ . f v -

JLIXUH 7HVW FRQOJXUDWLRQ IRU XVLQJ GLVWRUWLRQ VXLWH
By using a time record of the voltage of a signal at the input and output of a device, see fre 24, the

'LVWRUWLRQ 6XLWH VRIWZDUH LV DEOH WIRVWKB®QGVEHRYDRLWNKUWAHKRI WKH QRQ OL
FRHIoFLHQWY RI D EHVW oWWLQJ FXUYH

JLIXUH 6DPSOH SORW IURP VRIWZDUH XVL@BH DV\HVW VRJQ@DZDYHIRUP DV W
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UHVXOWY LQFOXGH GHOWD (90 ZKLFK SWRYVGHVIBUHQWWILR WWIKKH KIOR ILRH U L W

a radio standard (see Table 6), which makes an assumption about the type of sighbeing used and the
DPRXQW RI HTXDOL]LQJ WKDW LV GRQH WR FUHDWH WKH (90 UHIHUHQFH

JRU 8:% GHYLFHV WKH (90 UHVXOW PD\ EH OLPLWHWGHENWDP SHDQ DX UHRW\KHH 7R PLQLF
sampling rate in the oscilloscope is set to the maximum available. This ineases the amount of averaging
that can be done on the data.

Table 6. Comparison of traditional and delta EVM measurements.
Delta EVM
Uses one input channel aga-neéedentodulation required

Doeserant &desairsignal, or that the signal is a modulated

Traditional EVM
Requires demodulator to detect bits

Bits used to synthesize a perfect, noise-free reference
carrier

Noise on the referencasheamehimaay degrade
measurement’s accuracy
Computed over all time sampleshéredonegtvalue. No
PHDVXUHPHQW oOWHU WR OLPLW VLIJQDO EDQGZLGWK

Assumes ideal signal at the input to the DUT

Computed at symbol intervals

WKH WLPH GRPDLQ LQSXW DQG RXWSXKWH ZHD DI ISR X\DHIGI VKRZQ DW W
DQ 2)'0 VLJQDO DV WKH VWLPXOXV *DLQ DQG SKMPWHGGEQVVWDRENMLRQ@WWVERZQ DW W

FXUYH IRU D ol WK RUGHU SRO\QRPLDO )LJIJXURD 7KKRRVSOKM/ 3BB\QRPLDO H[WUDF)
SUREDELOLW\ GHQVLW\ IXQFWLRQ DQG WKH &&H) DUHKWIH BORMLY CRWMKHPLGGOH

this software removes linear phase and timing differences, but does notgrform the equivalent of
adaptive equalization in removing linear distortion from the signal.

,Q J)LIXUH

JLIXUH ([DPSOH RI FRQo0JXUDWLRQ RSWLRQV DQG FXUYH oWWLQJ UHVXOWYV IRU
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6. Transmitter Measurements

The measurements described below are split into groups according to theyipe of DUT (pulse oriented
or OFDM) and the test objective. The details of many areas of testing are stileing developed, but it is
reasonable to expect they will fall into the following categories:

Measurement Test objective

Output power, power spectral density Range, in-band interference

Peak output power, CCDF Interference, interoperability, range
Spectrum occupancy, spectrum mask Out-of-band interference

Adjacent channel performance Range, interoperability

Modulation analysis Range, interoperability

Frequency accuracy and stability Range, interoperability

JLIXUH ([DPSOH RI FRQo0JXUDWLRQ RSWLRQV DQG FXUYH oWWLQJ UHVXOWYV IRU

Test conditions and measurement setup

Parametric tests of the antenna/channel and the transmitter or receiver Wl generally be done
separately. Unless carefully controlled, using an antenna or a live netark introduces considerable
uncertainty. While a number of the tests described here can be performed I, it is expected that
generally a cabled RF connection will be used. This is essential for repedike receiver sensitivity
measurements.

Microwave signals act very differently from the audio and digital signa with which many people are
used to dealing. The reader is advised seek advice if they wish to perform meagments, but are new to

RF testing.

7KHUH DUH WZR PDLQ FRQOJXUDWLRQV XVHGHRD UHHE W \PLUQN X HVW HB (BMPW WIW HU ST
signal interfaces, and the way the device is controlled. One is suitable f(RF/analog only circuitry, the

RWKHU IRU D FRPSOHWH 8:% GHYLFH )LJXUH \QKORZRIVRIQOFRRQDUYHXUDWLRQ IRU WK
Control of the circuit will require proprietary hardware.

.l WKH EDVHEDQG VLJQDO LV WKUHH OHYHO G&DXQOWIV RWDFD Q E HS DMQMHIWDWHG XV L
JHQHUDWRU 'HWDLOV DUH SURYLGHG LQ WKBIJ8:% SIMKOHVHG FRXQUEH GHVFULSWLRQ
SURJUDPPHG WR FUHDWH VSHFL0OF SDWWHUQWQRHWHQHUDWH YHU\ ORQJ UDQGRP °

An external ARB or a proprietary device (from a real radio) can be used as the modtion source for an

OFDM design. For modulation accuracy, the measurement has to be able to regaize the format. The

GHOWD (90 WHFKQLTXH GHVFULEHG LQ '"HOWD [DGGXWH YH\(9D2JEBOL@@IAQJI RQ SDJ
will not degrade the result because the test signal is not perfect. An alterative is to adapt the

modulation format of the test signal to suit the analysis capability avaable.
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JLIXUH 7TUDQVPLWWHU WHVW FRQo0JXUDWLRQ IRU 5) DQDORJ FLUFXLWU\

(TXLYDOHQW LVRWURSLF UDGLDWHG SRZHU (,53

The antenna in a real-life system may be designed to focus the transmit power inertain directions and

ZLOO KDYH D UDGLDWLRQ HIOFLHQF\ WKDW ®HSPDNGH [RW GUK d FLXFCSVD MPRH © RVIDSDLULRHD 7
the performance of different hardware. Therefore, some measuremeés refer to equivalent isotropic

UDGLDWHG SRZHU (,53 3K\VLFDO PHDVXUHPEWW®Y QD YR YWHWWHQXV I KRUFK FBPRWH
EH LPSUDFWLFDO IRU DQ\WKLQJ H[FHSW SJ}HH UFGIHMG\ FADRV X R G AR/ WWWDLADG WIKKHH G H V
LQGLYLGXDO WUDQVPLWWHU DQG DQWHRQW VW RDYU DFHWKIUWLN \RILPW W, 5B FPHDWX UH P
depending on the propagation in the test chamber. See also wavelet notes at theral of Antenna and

channel response measurements section.

7KH )&& UHJXODWLRQV GR QRW DOORZ H[WH UGQODXNDG PPRX QW H G( D& WHITFIDUHRU LQGHF
FHUWLOFDWLRQ WHVWV WR LQFOXGH WKH DOWIREQUXEHRHBOMHAQDSDOHE FKDQQHO
for antenna measurements.

Interoperability testing

There are many transmitter parameters, which, if not controlled, can rduce the performance of the
UWB system, or even prevent different devices working together. Testsilvbe devised to help stop this
from happening. These are not yet available.

7KH WUDQVPLWWHU WHVWY DUH GHVFULEWIB WHWWHL Q WHKY M YCHIUED0O. SIW ER @ RMR WH [E
transceiver that can be found more readily by analyzing the transmitted otput.

([DPLQDWLRQ RI WKH EORFN GLDJUDPV LQ 6LIIQDPMLQH RHUBWIHRQ DIMKRPRBEXODWLRQ
this is the case. The local oscillator(s) for frequency up and down convexsi is shared. Many
LPSDLUPHQWY RQ WKH /2 ZKLFK FRXOG DIIHFW DMRH WHVFIHRQYWU ZLOO EH YLVLEOH

1RWH 7KH FKDQQHOV RI WKH FDQ EH XVHG WR FUIDWN HEHWKW UQ JOMKYHH @ W QN\HHINQ RSLID W WWHE 1 VR D
long prbs (up to 2”31) creates a wideband noise-like signal.
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Hardware probing

Debugging problems with modules requires very high-speed probes, andfden the signal lines will be

routed as differential signals. The latest differential probing syems provide very wide bandwidth and

JRRG FRPPRQ PRGH UHMHFWLRQ 6LQJOH HQP ®HG VER ZGL LI YHIXWIHD O SBREH KHDG
differential measurements to 6 GHz with Keysight spectrum analyzersral network analyzers, see the

CHAWLIKW ( $ JHQHUDO SXUSRVH *+] SURELQJ VROXWLRQ

JLIXUH 3KRWRJUDSK RI $ VLQJOH HQGHWG DQG GLIIHUHQWLDO SUREH KHDG

When examining the practical implementation of a differential probe it$ found that there is a bonus.

The bandwidth of the differential probe is considerably wider than its sigle-ended equivalent. This is
EHFDXVH LW DYRLGY WKH SUREOHP Rl FUHDWLQULRB QY HWIXOREVL QDB XFNED QEH JUR X Q (

show plots of key performance parameters for the 1134A probe.

Single-ended
/Differential —
ol
Single-ended
Differential

JLIXUH D )JUHTXHQF\ UHVSRQVH RI VLQEHY HQGHG DLQ®UGL |1 B U&K®SELMIOVEQROH HQGHG DQG GLIIHUHQWLE
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Measurement triggering

Triggering on a pulsed RF carrier, for time domain measurements

The most robust way of making measurements is to generate a trigger signaldm the baseband circuit
that is driving the DUT. Beyond prototypes, this kind of signal is not always\ailable, so level-sensitive
triggering on the RF has been used.

Pulsed UWB presents some unique challenges for stable time domain RF measments. This is because
of a varying relationship between the phase of the RF carrier and the modulath signal.

7KH WUDFH LQ )LJXUH VKRZV WKH SUREOHP $HOMGSRRQWNIEXWUQIIWHHLOO oUH
pulsed waveform, causing jitter on the recovered waveform.

Trigger voltage

THoldoff =n/PRF - 1/le:
q $V QV
N I I I IS S S S .
YLIXUH $ QV 0+] SXOVHG ZDYHIRUP 0+] SHYOVUBWHSHWLWLRQ IUHTXHQF\ 3

Trigger hold-off may offer some improvements to the stability of the disphyed waveform, if the pulse
PRGXODWLRQ DQG WKH 5) FDUULHU KDYH D GIOQUHBTXQGHVWRIEP VR MXDW HRID VKLS

reference frequency oscillator.
On the oscilloscope, the trigger hold off value should be set to

Ty = NVPRF — U

Holdoff —

where n is the lowest common multiplier of the RF and
pulse periods.
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Once a stable trigger is established, envelope detection can be used for anfipude-only measurements.
Statistical distribution analysis may help identify unexpected bbavior in the pulse. Figure 31 shows an
H[DPSOH RI D GRXEOH SXOVH XVLQJ WKH SXOVH JHQHUDWRU

J)LIXUH 'RXEOH SXOVH 0+] FDUULHU 0+] 35)

As noted in Pulse modulated RF (page 11), post-capture analysis softwarelalvs the envelope of the
modulated signal to be displayed, suiting more complex modulation formas. The trigger issues are
eased, although some extended trigger capability of the scope can be usedttrigger on more complex
events. Figure 32 shows the user interface available to do this. SCPI comméds for the oscilloscope are

typed into the command line.

JLIXUH (QWU\ oHOGV IRU FRPSOH[ WULJJHU FRPPDQGV LQ

1RWH $OORZDEOH WULJIJHU VHWWLQJY GHSH@&H Q W KBH KRWH VRKHW\SH EHLQJ XVF
FXVWRPHU WULJJHU FRPPDQG LV HQWHUHG O6HOBHHFWLQRZ QXWK & \FMLIH) RQKBUHQDEOH

menu before entering new trigger conditions. There are differences inrigger hold-off operation when
XVLQJ DQG WKH RVFLOORVFRSH VWDQGD@ RQAHSEHTFHN GHWDLOV LQ WKH R
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Triggering on MAC data frame and MB-OFDM symbols for
spectrum measurements

The spectrum of any modulated RF signal changes with time. In many burst-baskradio systems there

DUH VSHFLoF HYHQWYV VXFK DV WKH SUHDPEDG@G FAKLFXFKOHUH TWILWWY W RI MHKIHH G\ W5
content. As shown in Figure 33, there are a multitude of different timing ingérvals from which to select.

,Q :/$1 VRPH RI WKHVH FDQ EH PHDVXUHG XVLQUIDPRRBQWHRWIRQYDQJIVIHMWUXP DQ
8:% WKH\ DUH OLNHO\ WR EH WRR VKRUW EXW VRPKFK[YSUERBHRWVYHO®OW¥H GRQH Ol
requires the use of a trigger signal. Many spectrum analyzers already genate this internally using

envelope detection. It may be wideband in the same way a power sensor is widehd, but it is the video

bandwidth of the trigger circuit that determines how fast a pulse can be relably triggering. Trigger

options vary with the model of spectrum analyzer. Refer to the spectrum arlgzer block diagram in

Figure 44 to consider what trigger signals may be available.

/ a
00 I

JHi
N\

_/ \J

Figure 33. Timing intervals and dropouts in signal envelope for MB-OFDM

$Q 5) IUDPH LV W\SLFDOO\ WR $V ORQJ HMERFALBLIK@\OY¥DA)LOEOH LQWHU IU|
HDFK V\PERO LV QV ORQJ WUDQVPLWWHG RQ D] RUIIHUH@A IUHTXHQF\ DW D UL
7KH HQYHORSH WULJJHU EDQGZLGWK RI WKHV(HE BREI K SRHF WIKXIRVIBD QD O\]HUV LV IDV
VLIQDOV EXW QRW LQGLYLGXDO SXOVHV $RIRVBDULHORKNRRSEB ERPELE GRAL W K

pulse spectrum diagnostics.

Frequency selective triggering has historically been achieved usgthe video trigger. In UWB testing a

problem can apparently arise because signal path switching means the d@eo trigger is available when

the peak detector is used, but may not be when using the average detector. In praate, the swept

DQDO\]HUjV SHDN GHWHFWRU LV OLNHO\ WRFEBQWDXQOLFILHQW IRU WKLV NLQG RI GLDJ
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Use of captured time records

%\ FRPELQLQJ WKH GLJLWL]LQJ RVFLOORWRSEHRVWWRVEBSWXWMRMLZIQDAYV RI
particular interest. Once captured, this technique allows:

— analysis using multiple parameters, regardless of the settings ding capture
- VORZHG GRZQ UHSOD\LQJ RI WKH VLJQDO WSHFWUXP WR LGHQWLI\ VSHFLOF HYF
Meas Setup > Time > Max Overlap (A larger number slows down the trace update rate
Control > Player displays a running pointer of what part of the time record is beig displayed
— change of analysis center frequency, span, and measurement bandwia after capture, as long as
the desired span is within the initial capture span
- WURXEOHVKRRWLQJ XVLQJ D UHPRWH H[SHUW E\ H PDLOLQJ WKH FDSWXUHG 00
— transfer to ADS simulation software and integration into device modls
— creation of the signal using an ARB and PSG combination (within the lingtof modulation
bandwidth), for many forms of device testing including interference ésts

JLIXUH VKRZV WKH WHVW FRQoJXUDWLRQ WR RQSM\DXILHHH GDWD OLNH WKLV 6HH D

o
s B L
@.

Figure 34. Method for capturing signals for troubleshooting or for use ineceiver testing.
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Test modes

Test modes are invariably used during prototyping stages of a design. Theyadesigned to allow
YHULoFDWLRQ RI LVRODWHG V\VWHP FRPSREGLRWVNRZZWKR XWWQWBHARBRL BEHQJ WKH ZKRC

QHHGHG IRU FHUWLOFDWLRQ WHVWLQJ 0RWGR EHHGXYHIGYWRQR/DRIX WKRHAXHUWHV WYV P D\
sub-system components.

Some standards incorporate over-the-air test modes, such as signal lopback, to ease type
conformance testing, and receiver testing in particular. While test nodes are an additional development

WDVN WKH\ VLIJQLoFDQWO\ HDVH WKH SDWK RR @ LUD @KR IKRPWS G MWK IFRIXDRGVR LQW
manufacture.

$W WKH WLPH Rl ZULWLQJ QR VWDQGDUGL]HG: %QUDIHLIDFXQ EBYH EHHQ GHOQHG IR
GLVFXVVLRQ 7DEOH KDV EHHQ LQFOXGHG YHG DQGLIKDWKH. ¥ WRW LIKDEOAL RQ \G K DLYH

HYDOXDWLRQ $ QXPEHU RI WUDQVPLWWHWWWMRWRROBW MRCQH 'BUIRKWWIBOO\ PDQGD
spectrum regulatory requirements.

JRU GHYLFH WHVWLQJ HYHQ VLPSOHU WHVW YQJQDSHF P®R EBIRX\BWGRIIRU H[DPSOH \
sub-carriers in OFDM-based systems.

Table 7. Basic test mode functions.

Test function Device control Notes
Transmitter

Output power Transmit power control Max power used for regulatory test.
Simple transmitter test using a power meter.
Bursting on/off Generally tests are best carried out with
bursting on.
Hopping offvhere applicable) Allows in-band spectrum mask testing
Spectrum characteristics PN9, 15 data sequences Whitens siginal of/8eas the seed,
for repeatable results
Modulation characteristics 'HoQHG ELW SDWWKBOQWRZYVY LGHQWLOFDWLRQ RI VSHFLoOF LVVXH
10, PN9, PN15

Scrambling/Encryption on/off Reduces reading to reading variations of
spectrum and EVM

Receiver
Sensitivity/Interference testingHopping off (where use) The DUT should be able to recover arbitrary
SDFNHWYVY RU GHoQH UHTXLUHG SD\ORDG
Ack packets on/off Ack packets can give a simply way of
externally checking PER. Switch them off to
increase test speed
((( :/$1 UHFHLYHU WHVWLQJ KDV QRW EHHW FRMOH DV GIHBGHEH HYXWOH QR WH

without a loopback mechanism, UWB testing will be made more straightfoward if the DUT is made to

UHVSRQG ZLWK DQ $&. SDFNHW WR D SURSHUGBWFR®&®#J %D MHWGR EXWKRMODDBEHG WHV\
chosen to be easily generated, such as a repeating PN sequence with a “0” seed.
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Power

All the power measurements described here are affected by the loss and impaghice mismatches of
cables and other RF components used in the measurement set-up. It is importdrto use parts suitable
IRU WKH IUHTXHQF\ UDQJH (YHQ ZKDW ORRNVY OLNHIUIHFIB0$ SRZHU GLYLGHU PD\ R

The simplest, and most accurate, way to record the true average power of any sighis to use a

SRZHU PHWHU ZLWK D WKHUPDO VHQVRU )RWQEH LQ WKHDEHRRQWKIH UHVXOW ZL
—10 to =3 dBm. The drawback is that it tells you very little about the characterisics of the signal against

time and against frequency, which is what is important for an underlay technolgy.

Distinguish between RF bandwidth and video (demodulated) bandwidth

The RF measurement bandwidth is not the same as the video (demodulated) banddth. Depending on

the signal’s timing characteristics, a peak power meter can be used to show #response against time,

but again not against frequency. A wideband digitizer (oscilloscope) canige both. There may be some

differences in the measurement results compared to a swept spectrum angker due to the way the

VLIQDO LV GHWHFWHG 7DEOH VXPPDUL]JHVDWPBH WIWIL\RQVFWR PHDVXUH GLIITHUHQ

7TDEOH (TXLSPHQW FKRLFHV IRU PHDVXULQRV8:% VLIQDO SRZHU FKDUDFWHULVWL

Time Frequency PSD test True peak andSpurious Basic power
response response CCDF signals measurement
accuracy
Power meter No No No No No Excellent

with thermal sensor

Power meter Basic Basic No No No Very good
with peak detector

Swept spectrum  No Yes Yes No Yes Good
analyzer (average
detector needed)

Oscilloscope and  Yes Instantaneous Yes Yes No Good
measurement bandwidth of
software signal shown

Power spectral density, average detection

Power spectrum density (PSD), is the main regulatory performance tesbof an UWB transmitter. It
measures the power within a narrow portion of the spectrum. PSD can be meased in an arbitrary
bandwidth. It is often scaled to dBm/Hz even though the measurement bandwdth is not 1 Hz. If the
measurement bandwidth is narrow however, measurements take longeff it is too wide, the
measurement may not identify unwanted peaks in the spectral response.

,Q WKH 8QLWHG 6WDWHV )&& GRFXPHQW &) SDHWXLUHBHXIXVW $SSHQGL
measurement of the 1 ms time-averaged PSD of an UWB transmitter in a 1 MHz bandwild, and an

assessment of the peak power in a 3 MHz bandwidth. Both measurements antfate the use of a swept

VSHFWUXP DQDO\]HU %\ HQVXULQJ WKH 36' RI WKHD[aPXGCRMD@QRHN H[FHHG D SUH G
across the permitted frequency band, an upper limit is set on the signal-inérferer ratio seen by another

receiver operating within the UWB frequency band. A different test safegards those devices operating

at other frequencies. Graphically, a PSD measurement looks like a spectm plot.
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6SHFWUXP pDWQHVYVY GHWHUPLQHVY WRWDO WUDQVPLW SRZHU

Working with a limit value that applies to the whole usable frequency range,lie designer has to ensure
WKH WUDQVPLWWHU JHQHUDWHY DV pDW D NHV RPBQLFR XPHWRRDWH IRZBBVUREBEOH 7K

therefore the optimum transmission range for the user.

7KH H[DPSOH LQ )LJXUH LV RI D SRRU QRLVH PRGHK0O®WHKGRXIQDIQBGXIIHULQJ ERV
DPSOLWXGH XQpDWQHVV 7KH RXWSXW SRZHU L@ W®E8 RZA WXH' 2R XRGSKI/'WH WR EH

the PSD test.

(W kevsan

D

JLIXUH $Q H[DPSOH RI SRRU 36' pDWQHVYV

Sweep time

For regulatory tests, the sweep is not triggered by any part of the data struaire with a packet. A

measurement interval of 1 ms determines the sweep time. The signal shouldewithin any given 1 MHz

portion of the span for 1 ms. This substantially removes the effect of modul&in artifacts, and, when

SUHVHQW UDSLG IUHTXHQF\ VZLWFKLQJ )RU D V *+] VSDQ WKH VZHHS VKRXOG E|
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Use of average (rms) detector for power measurement

Only more recently designed spectrum analyzers implement an average dettor. It is important to
realize the measurement result truly is the average power calculated forach part of the span. It means
if the DUT is not transmitting continuously on one frequency, the trace posion will shift. Frequency
switching or packet based transmissions cause non-continuous trasmission.

Using an rms detector, it is also possible to measure the average power of the RFgsial within any

user-chosen frequency range, and get the same reading as a power meter. Theqik in Figure 36 show

WKH UHVXOWYV RI PHDVXUHPHQWY RQ D EURDGEDWQ GUBIR XKW MRXKMHH 2QH LV RQ D o
carrier in the other is rapidly hopping between two frequencies. The levelrecorded on the traces and

the band powers are reported correctly. It serves to indicate this kind of masurement is only indirectly

sensitive to the signal pulsing on and off.

AN KEYSIGHT A evsiohr :

JLIXUH D $ 0+] QRLVH VRXUFH RQ D 0+] FDUULHU HHQ W Z&DIRJH VXHQB DHRRZEMWXKI EHW Z
ratio.

,Q )LIXUH WKH WLPH VSHQW RQ WKHHORHAKMUWRHTSHQFHRBW HHHOKHQFWKH VLJIQD
is pulsed or hopped, the trace level drops from the static case according to th expression

10l0g(t, /(t,+ t,,)

When measuring noise-like signals, the average detector behaves wellra gives the results one would

expect, but older spectrum analyzers may not have such a detector choice.\vpt spectrum

measurements of pulsed RF signals on page 46 looks at some of the differencesatwill be seen, and

SURYLGHY LPSRUWDQW QRWHY DERXW WKHoOYXEHB BVKHGVZE B AWM UKHPWDNRIDQON\ J|HDYLQJ
WR XVH WKH UPV GHWHFWRU D PDUNHU FDQ EH XVHGCRLWKRVEBE' SHDN VHDUFK IXQ

AM KEYSIGHT

JLIXUH JUHTXHQF\ VZLWFKHG VLJQDO UDWLR

1RWH 7KHUH LV D WR G% GLITHUHQFH EHWDHBH @ WW HFQRRIP DBDQ BDW KH W RAWIHY $ ZYHHU PDUNHU GXH
WR VOLJKW GLIITHUHQFHY EHWZHHQ WKH QRLVH %6 HHQ &S\W & HFDW LARAWIHWY/WH G %l ED @6 Z\LBLVOR/
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Peak power measurement using a swept spectrum analyzer

Unless the resolution bandwidth exceeds the occupied bandwidth of the U\B signal, a swept spectrum

analyzer cannot truly measure the signal’s peak power. It can, however, gpoximate the response of

DQRWKHU UDGLR 6RPH PHDVXUHPHQW PHWKRGV UHINK WRHD5% :0BW5%: 7KH UHDVF
least as wide as the widest victim receiver. In practice, great care needs to baken if the results

REWDLQHG DUH WR EH SUHGLFWDEOH DQG UHSBSHDBWBBEOBOTKGHDEBPRUD FIRRI WKH 5%
wider bandwidths and the video (impulse) response may not increase to malcit. Setting the analyzer to

zero span should allow the amplitude step and impulse response to be examined

A peak measurement with a smaller bandwidth can give a useful indication of DT transmissions that

PLIKW FDXVH SUREOHPV ZLWK FRPPRQ UDGLR VWKNHWVP W \$ L FD-Q Q\HVRIOKWHRYW EDQG
WR SHUIRUP WKLV W\SH RI PHDVXUHPHQW 7KH)BEDWEHFEWRWKDW+HWKH UHVXOW VK
5%: XVLQJ D ORJ 5%: VFDOLQJ IDFWRU

Details of how UWB signals interact with a swept spectrum analyzer are disssed in Transmit output
spectrum on page 46.

Peak output power, CCDF

The result obtained when measuring the peak of a signal depends on the banddith of the detection
VI\VWHP VHH )LIXUH RQ SDJH DQG LI WKH VLH)BOHSDWIHE WRWIKDMWLPH KRZ O

Power meters and spectrum analyzers can identify bursts, and simulateéhe effect on most other radios,
but are unable to capture the true peak of a UWB signal, because their resolutih and/or video
bandwidth is too small. Compressed signal peaks will degrade the link.

Using a high-speed oscilloscope as a digitizer, it is possible to captureite complete signal. Since the

VLIQDOV GR YDU\ ZLWK WLPH DQG OLQHDU GHYLFWXHEILOHWQEHTM UBRPBAIW WR GH
is to plot the power on a scale that shows how often the signal reaches a particuldevel. This is what is

done with the CCDF. The measurement has to be gated to only show what happens whehe signal is

SUHVHQW )LJXUH VKRZV VRPH LQGLFDWLYH UPINVXOWYV IRU SXOVHG DQG 2)'0 WHYV

CCDF of
MB-OFDM AWGN
—_— -
o
=
o
o
(O]
[@)]
o
DS-CDMA g
T
JLIXUH 3HDN SRZHU DYHUDJH SRZHU DQG &&'WRS )@@ E® @ @Z LGAWK %)L 0 QLN

envelopes (bottom).
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Baseband versus envelope (zoom) CCDF

Traditionally, the CCDF curve plots the power distribution of the demodiated envelope of the signal.
Using an oscilloscope as the input device, it is possible to see the basebandGDF too. It is not the same.
The difference is due to the number of degrees of freedom in the amplitude distriltion of the signal.

$V DQ H[DPSOH WR KHOS YLVXDOL]H ZK\ WKH SORWWVVDWKHREQILHQUHQW D SHUFHQ
JLIXUH 7KH GHPRGXODWHG ZDYHIRUP LV RQ WK B FCBHOMWWXIGGHS URBDERDHW SOR W V
density function, which is closest to the waveform seen on an oscilloscam In qualitative terms, the

broader shape of the modulated signal in the lower right corresponds to the wder range of voltage

excursions, and the wider peak-average power in shown in the CCDF plot. For blaground information

RQ &&') SORWV UHIHU WR KWWS 2Z2Z HIBXFDWRWWFERUQHU FRP PHGLD $

JLIXUH (QYHORSH DQG EDVHEDQG &&')V RI D SHUFHQW $0 ZDYHIRUP



46 | Keysight | Ultra-Wideband Communication RF Measurements - Application Note

Transmit output spectrum

The power spectrum density and peak power indication measurements desibed earlier are a subset
of the spectrum measurements that may be made. Often it will be necessary to tk more deeply at the
signal, and compare results from simulations and real devices. The low pav of UWB devices for
commercial communication can require attention to the signal to noise rat of measurements. Since
there are many ways a UWB signal can be created, and the spectrum measured, thsection describes
the main techniques and why results can vary between them.

Swept spectrum measurements of pulsed RF signals

When operating normally, neither DS-UWB or MB-OFDM implementations g simple pulsed UWB
signals, but some aspects of their operation can cause a swept spectrum mearement to respond as it
would to a pulsed system, particularly when using test modes.

.H\WLJKW $SSOLFDWLRQ 1RWH GHVFULEH®Q KR 3 X\OKVWH SCOOWVMHWULRHWDRWLRQ TUHTX
resolution bandwidth determine the display seen on a swept spectrum angzer. Figure 40 shows these
interactions using a peak detector. The video bandwidth setting is Autothe sweep time manually set to

PV

Trace A is the simplest. The PRF is high compared to the RBW, producing discrete speal lines. The

amplitude of an individual line depends on many pulse-shape factors, and i RBW of the analyzer. If the

RBW is reduced from 1 MHz to 100 kHz, the signal display level drops by 20 dB. This is whystdssential

WR GHoQH WKH 5%: XVHG IRU D PHDVXUHPHQW )RU WKHRSAWMPEBH FKBPQJIJH LQ 5%: WKH
Keeping the RBW wide may help to minimize measurement variations due to nas
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DS-UWB a special case

The very high-speed, very short duration RF pulses of DS-UWB put it into the tige A category of signal.
However, the spectral spreading from the randomized BPSK modulation akes the signal appear more
OLNH QRLVH 6HH )LIJXUH RQ SDJH 7KH 6 1 RW WKSIURNBINDG HHY Sl PAMIEGY LIJQ D O |

when the RBW is increased.

Trace D shown in Figure 40 is what would be seen for an un-modulated MB-OFDM sighaulsing on
just one of the RF carriers. The amplitude rise time determines the specttavidth. In practice, this will
represent the spectrum at the start and end of each OFDM symbol, unless the modation is adapted for

spectrum shaping.

Pulse repetition frequency
Pulse duration PRF > RBW PRF < RBW
t,, << /RBW

Trace increases 20logRBW Trace level unaffected by the RBW,
but varies as 20logPRF

t 5%:

on

MB-OFDM carrier switching (no modulation)

Figure 40. Swept spectrum peak detector response to pulse signals with vaous PRF and pulse duration. Note: These plots are for
pulsed signals that do not have any modulation applied.
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Pulse de-sensitization

7KLV WHUP GDWHV EDFN WR WKH oUVW 5%$'$5 VSHBEWWXP LRHOHM\DGIHRHQWY 6RPH SHI

because it has nothing to do with compression in the spectrum analyzer. It refrs to the effects shown in
JLIXUH ZKHQ WKH GLVSOD\ UHVXOWYV GR QRWRZHWHFWO\ UHpHFW WKH DFWXDO \

(I"THFW RI LQFUHDVLQJ WKH UHVROXWLRQ EDQGZLGWK RQ GLVS

As noted, if the pulse duration of a repetitive signal is much less than 1/RBWntreasing the RBW
increases the detected signal level. Figure 41 plots the transition beteen trace A and B in Figure 40.

JLIXUH (IH"HFW RI FKDQJLQJ 5%: XVLQJ SHDN \GHRBNFHWRU ZLWK SXOVHG 5) VLIQDO

Peak and average detection of UWB signals

The transmission of a UWB device for communication should be noise-like Hat is what allows it to be an
underlay technology. In practice, real transmitters will produce unwated, discrete spurious signals. The
DYHUDJH GHWHFWRU ZKLFK LV XVHIXO IRU QRGVHSGUMNR XM FRPCSR QPIRWYRBWV KRZ W

the expected level.
7KH WHVW FRQOJXUDWLRQ LV WKDW VKRZQ LQ JLIXUH RRE& G WH 7KH 35) DQG 5%

highlight the differences between spectrum displays using peak and arage detection. It is an
extreme example.
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Peak detection

Peak measurements are very useful in indicating spectrum occupancy,ub generally not ideal for an
absolute level indication when the signal is noise-like.

Figure 42 shows how the spectrum is made up from some form of UWB signal (it would nde possible
to tell from this picture alone) and discrete spectral components, based o the mixer local oscillator and
pulse clock frequency.

The amplitude of the noise and line spectra conform to the notes in Swept spectim measurements of
pulsed RF signals on page 46.

Figure 42. Mixed noise and spurious peak detection.
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Average detection

Figure 43 shows the average detector response measuring the same signalh& spectrum shape is now

correctly displayed, and the band power function allows the total signdpower to be easily measured.

Some spurious signals are evident, but their level is noticeably reduceddm the trace using a peak

detector. The result is not wrong, but simply shows the true average of the sigriavhile the frequency is

being swept. The average result depends both on any time variation in the testignal, and the ratio of

frequency span to the number of display points (buckets). If the RBW is small conaped to the width of

D EXFNHW IUHTXHQF\ VSDQ D o[HG IUHTXHQF\ FRPEBWOR@WRIZWRBD WQPN EH GHWHFW
FRUUHVSRQGLQJ WR D VSHFLOF GLVSOD\ SRLRL QW FUHDWXBOH WM KLY XHPIEHBW | ,G LV ¢
RBW > Freq Span / 2*Display Points, the result will only depend on the time vari@n of the signal.

Figure 43. Mixed noise and spurious average detection.

Average detector settings [PSA|]

In the PSA, there are three choices for how the average is calculated. These suiffdirent types of signal.
The rms setting should be used to measure UWB signals.

Normal detector [PSA|]

7KLV LV VLPLODU WR WKH SHDN GHWHFWRU EXW 0 OWRIRN FORLUINHH I SSWKIHHGLVSOD\ W
analog spectrum analyzer. It is recommended that the peak detector be usedstead of the normal
detector for UWB.
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Mixed detector display

A simultaneous display addresses the need to see both signal responsesdether. Figure 44 is from an
enhanced display from the PSA spectrum analyzer family.

Figure 44. Dual detector trace, showing a 660 MHz PRBS amplitude modulatesignal with unwanted spurious components.

7KH WHVW FRQoJXUDWLRQ XVHG IRU )LJXUH ZDV WHKDM. FRH RUJWKH RQ SDJH 7k
$ SXOVH JHQHUDWRU XVHG IRU WKH PHDXKXKUZHBMXW BHYHQPW&HY GLMEUSOMHFWU

Pulse generator settings

&KDQQHO RI WKH SXOVH JHQHUDWRU LV XVHG DV WKB FOQREN IRKHWKH 35%6 VHTX
FRQo0OJXUDWLRQ IRU WKLV WHVW ZDV

Clear existing settings: Shift > Store > 0

/[HYHOV &K ! +LJK P91 /RZ g P9 ! 2Q ! &K I 211

ORGH 7UJ &RQWLQXRXV ! 3aDWWHUQ RI ! 35%6 ! ( I 3XOVHV 2XW I 15=12XW I
7LPLQJ &K ! )UHTXHQF\ ! 0+] ! /HDG (GJH ! QV

3SDWWHUQ 6HJPHQW ! /HQJWK !

Spectrum analyzer settings

The UWB spectrum mask test is reached using:
Mode Setup > Radio Standard > UWB > UWB Indoor

7KH GHIDXOW VHWWLQJY FDQ EH DGMXVWHG WK WOLQU N S HFEOHWHVW QHHGV E\ PF
OHDVXUH ! 6SXULRXV (PLVVLRQV ! OHDV 6HWXS ! 5DQJH 7DEOH

The resolution bandwidth settings are the same for both traces in Figure 44t is possible to run
sequenced tests with different settings using the ranges in the spurious masurement. Preferred
settings may then be saved using File < Save < State.
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Comparing FFT-based and swept spectrum results

Swept spectrum analyzers are very commonly used in practice, because theydamic range of the
signals they can measure is far larger than that obtained using a digitizign scope. The measurement
frequency range can easily exceed the UWB requirements, but because it is swt it only views part of
the spectrum at any instant in time.

In simulations, and when using a time record from a digitizing oscilloscoe, the spectrum will be
generated using an FFT. It can be the most informative view of the spectrum, bwften looks different to
the spectrum seen on a conventional swept spectrum analyzer.

The factors affecting what is displayed are
- WKH EDQGZLGWK DQG VKDSH RI WKH UHVROXWLRQ EDQGZLGWK oOWHU
— the amount of time data is collected for each frequency display point
— the point in time (during the frame) when the signal is sampled
— the way the signal is detected

Table 9. Spectrum measurement characteristics used in diffesent tool

Measurement  Keysight  Filters Video Detector type
tool example  Resolution bandwidth/ bandwidth Peak A

Windowing ea Vo
Conventional ESA Gaussian/Synchronously  Selectable. Yes Yes
swept analyzer tuned Set VBW > RBW

Gaussian approximation when using average to avoid log
FFT (used for low RBW) detector errors

Digital swept PSA Gaussian Selectable. Applies Yes Yes
analyzer Gaussian approximation display averaging

FFT with average detector
Wideband 54855 Flat top Display averaging No Yes
oscilloscope Hanning (max hold)

impulse (uniform)
Post capture 89601 Gaussian Display averaging No Yes
processing pDW WRS (max hold)
software Hanning

uniform: Not suitable for
spectrum analysis

*DXVVLDQ oOWHU DYHUDJH GHWHFWRU

7DEOH VKRZV WKH YDULHW\ RI SRVVLE LRXOW L6HMO HFRW. Q H POMDXIMYL NV QPXOWMU RY W
oUVW VWHS WR JHWWLQJ WKH VDPH UHVXOWV QRWHRDYVRRI QRN 7DHEQHHU DWRDW )) 7
emulate the peak detection function in a swept analyzer. This document Wiconsider average detection

only.

With an FFT, the amount of time data used for a particular RBW is determined by
5%: (1%: 7

ZKHUH (1%: OQRUPDOL]HG HTXLYDOHQW QRLVH EDQGZLGWK
(2.2 Hz-sec for Gaussiat)
RBW = the resolution bandwidth
T = the time-record length

$Q ))7 VSHFWUXP LV D WLPH JDWHG YLHZ RI WKH VLJQOD®WTXYRWHB $HW] 5%: RQO\
seen earlier, in Figure 11 on page 14, the spectrum changes shape dramatidglover time, so the result
depends on when the FFT is triggered.
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7KH SK\VLFDO FRPSRQHQWY LQ D VZHSW D Q DR HUWWWNV RDQW OD LK) DXHDQ P BA\GKFH PH DV
DQG WKHVH YDU\ IURP RQH GHVLJQ WR DQRWKHURRQRRHERWH/ LQOQKRX\GMWXKH5pPDLQ VI\VW
SDWK VZLWFKLQJ ORZ QRLVH DPSOLoFDWAFRKHWHFWUIRQLQJ RSWLRQV DQG VLJIQ

JLIXUH %ORFN GLDJUDP RI D VZHSW VSHFWUKP DUWXMHOORAD OLRWFRQOWWRHAVMPHQLHG WR VHOHFW VSHFI
frequencies. The output of the signal mixer is fed to either analog or digitigorocessing. In this diagram, the switching path for
frequencies above 3 GHz is also shown.

The rate the swept spectrum analyzer tunes over the chosen frequency spanveep speed), determines
KRZ PXFK WLPH GDWD LV XVHG WR UHSUHVHQW W KOH W&NMWNVUZXHPHBW SHWHSSHFLOF TUHT
LV VHW E\ WKH WLPH UHVSRQVH RI WKH 5%: oOWHU

Sweep time = 2*span/RBW

JRUD O0+] 5%: WKLV JLYHV D VZHHS UDWH RI *+] SHU VHIFRQG 7KLV PHDQV D
4 ms. If the display is divided into 401 points, each display point will show the@mbined effect of the
VSHFWUXP DW WKDW SRLQW RYHU "V

7KLV LV oYH WLPHVY DV ORQJ DV WKH ))7 ZRXOG UHQXISO-DFIHQGKH SOLHYV PRUH DYHL
regulatory requirements may require much longer measurement periosl, such as 1 ms per display point.

The overall effect is that a lot of somewhat hidden averaging takes place in thevgept spectrum

trace.

Getting the FFT view to look like a swept analyzer

The main need is to ensure a similar amount of averaging takes place and that any imended gating
effects are taken into account, especially if spectrally-unusual egnts like the preamble of inter-symbol
ramping are included. The response of a peak detector can be approximated irgy a Max

Hold function based on multiple FFT results.

Practical effects, such as the exact processing used in real instrumeatmean considerable care will be
QHHGHG WR DFKLHYH EHWWHU WKDQ G% PDWEKHQXVEIQW DHERoQHWBXOWYV $ FURVYV
modulation pattern can be used to test the results.

Note: The PSA series use special techniques to increase the sweep rate by a facof ~2.
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Spectrograms and adjacent channel power measurements
The time gating inherent in an FFT-based spectrum measurement can give a p@sful insight into the
dynamic characteristics of UWB signals. As an example, Figure 46 shows aetrogram of a frequency

VZLWFK 2)'0 VLIJQDO ,W FRPHV IURP WKH VRIIWDRWYHF ROSKQQLQJ RQ WKH RV

The spectral disturbances at the symbol transitions are clearly shown asdrizontal lines. The rising and
falling edges of the bursts in a real device would need to be controlled to reducettis effect.

O

Figure 46. Spectrogram of MB-OFDM.

Unless the frequency switching is turned off, the adjacent channel leakage of a BFOFDM signal needs
to be made as a time-gated measurement. This component is highlighted in Figre 46. The bandpower
PDUNHUYV DYDLODEOH LQ WKH $ 96% VRIWZDKH BBQ EEWMLYHDSSRLZOH X OH G HAOR/ PHD V

of the wanted and unwanted signal components.

Two channel (correlated) spectrum measurement

Since the spectrum of an UWB signal is noise-like, and may have a PSD close to the m&urement noise
PRRU LW LV XVHIXO WR FRQVLGHU WHFKQLTRBGRPKQWLNBQDGIGYWK B JXD YW HEG W ZHH

signal.

7 KH $ DQG $ FRPELQDWLRQ SURYLGHW WXALH W88 RUMRQPLIWU DSWVILRQ W K
GHVFULEHG LQ $QWHQQD DQG FKDQQHO UHVSRQVKREZNDVX 8 H®B VQWYDRQ SDJH YL
used as the Channel 1 reference waveform, while Channel 2 is a much lower level sag (fed through an

/1$ 7KH &KDQQHO VLJIQDO LV EHORZ WKH QRLVH PRIKQFEXNWXVILWY WKMHOHTXHQ
relative to Channel 1 can be shown.

JLIXUH &RUUHODWHG VSHFWUXP PHDVXUHPHQWYV
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Spectrum mask testing
Measurement of the RF spectrum generated by a transmitter addresses two @stions:

— Will the DUT interfere with other radio receivers?
— Will the DUT work effectively with another of the same type?

6SHFWUXP PDVNV VSHFLoFDWLRQV IRU LOWEUBQBUPEQOPRPD/N HKK VHH) VHHW RMR EH UDW I
0% 2)'0 3UHOLPLQDU\ LQIRUPDWLRQ IRU 0% 2)'0HW IdJ R8 %WIK A LFDKU teL H WD +) ®RGI V

q G%U DW ce 0+] 7KH UHIHUHQFH OHYHO LV WKH PPRUPWRH3 E'HDIWMHKL Q WKH UDQJ
IUHTXHQF\ 7KH GHWHFWRU W\SH DQG VZHHS WDRH IGHWHHE@ R'\W LEHW X WKBGIFLOHG I [
the mask measurement may require either a time gated sweep, the DUT to be transtting on a single

frequency. The absolute signal level will drop according to the mark-spee ratio of the signal.

2XW RI EDQG HPLVVLRQ PDVNV DUH FXUUHQWBV RTKR VEH IGRQH GOIRRRW KIHOQE&QLWHG 6 W
RXWGRRU GHYLFHV DUH VKRZQ LQ )LJXUH 7 IQH HUGH GRIGKWGR QJERQ GWKIE WK PD\ EH
frequency range being tested. The notes in the differences between peak @raverage detectors should

be read prior to making these measurements.

%HORZ *+] D GLIITHUHQW GHWHFWRU LV XVHGWRQAYROQMVO&DVL SHDN )RU IXUWK
PHDVXUHPHQWY UHIHU WR $SSOLFDWLRQ 1RWH

UWB emission limit for outdoor hand-held systems

JLIXUH D ,QGRRU )&& DQG SURSRVHG (76, VSHFWGERRWDPYNVSHFWUXPXRMHVNE 2XW
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Modulation tests

Baseband pulsed

Baseband signals may be measured using the time-domain tools availablwithin a digital oscilloscope.
JHDWXUHYVY WKDW PD\ EH XVHIXO LQFOXGHRFMNWWHAR YHIWMW ULUKXWLR QY KORYE/ VRIWZDUF
H[DPSOHV RI WKHVH FDSDELOLWLHV IRU WKH [[[ IDPLO\

JLIXUH D 7LPH GRPDLQ MLWWHU DQDO\VLV U WKH VRIWZDYHI RORFNEUBHRKISUAL C
application.

Pulse modulated RF

JLIXUH RQ SDJH VKRZV KRZ WKH SXOVH VKDSH RI DGPRWX®DWHG 5) FDUULHU PD
possible to recover more information than just the shape of the pulse. Whit parameters give

PHDQLQJIXO UHVXOWY GHSHQG RQ WKH W\SH RI®HR RX ODWH RIQH QA BXBI® % 36RZV DQ
signal. In this case the 0 state is not recovered correctly, but useful qualétive information can be seen

that will allow the differentiation between clean and noisy signals. TIs plot shows the recovered

baseband signal. The data behind this trace can be extracted and used for pogrocessing.

Use: File > Save > Trace.

JLIXUH 'LIJILWDO GHPRGXODWLRQ DSSOLUH®WR WKUHH VWDWH %36. SXOVHG VL
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When amplitude and phase information is required, a technique like this is ess#ial. It can be applied to
SXOVHG VLIJQDOV LQ JHQHUDO )LJXUH VKRZ\D YVHKH &R WHQHLYXKODAH BRHHQJXUH V

GHPRGXODWHG LQ

JLIXUH '"HPRGXODWHG GRXEOH SXOVH

JRU VXE QDQRVHFRQG SXOVHV WKH GLVS®H\HBWXDORH WRY R/QIQ/ILRRKD @A \U KIHFW W
effect is depends on the actual bandwidth of the test signal. The sampling rat for the demodulated

result is one third as large as that for the data capture. Part of this is due to the sjiiting into 1Q data

pairs, the rest is related to data windowing.

The trace data can be extracted for post processing. To enhance the results asaveraging and increase
the effective sampling rate.

Time alignment of capture waveforms

The reference point for phase in a captured waveform can be adjusted using miatfunctions on the
WUDFH GDWD $Q ,4 SORW ZLOO VKRZ WKH SKDVH DESDQPHQYWKRIZWKH VLIJQDO ,Q )

WKDW VKLIWVY WKH SKDVH E\ q GHJUHHYV

JLIXUH 8VH RI PDWK IXQFWLRQ WR DGMXVW FDSWXUHG UHVXOWV
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OFDM

Ultimately, a demodulation measurement of the adopted standard will povide the widest range of
modulation performance indications. Prior to that being available, here are a number of
FKDUDFWHULVWLFV WKDW FDQ EH FKHFNHGHOM D J HJ LD/QWW @&'WRR®N 6RPH VXFK D

already been described.

7LPH EDVHG FKDUDFWHULVWLFV RI D I[UHTXHIQIFAWHZLWFKIHKGNLIDDY DWBEBORWRZQ L
LV RI WKH XQ PRGXODWHG FDUULHU 7KH SORWSGIHD HIFWU@J *B KDY 'PIRGX DVYWLRQ DS

the vertical parameter gives a frequency versus time trace.

JLIXUH D J)UHTXHQF\ YHUVXV WLPH UHVXOWYV IRULIKHHXHRF§ SYHEWBKRAT BYVXV WLPH RI PRGXODWHG 2)'C

carrier.

7KH 0% 2)'0 LPSOHPHQWDWLRQ LV LOQOFRPSDPLDECPHH BVWHKHHPHE W VOQDQ® WHRIPWM V SH

valuable parametric results they show. Depending on the component beimtested, it may be possible
WR XVH D RYHU FORFNHG D VLIJQDO DV ORZVCWBUQBPWHYHWMW.WVW VXKF®&DDOVY 7KLV

VHWWOLQJ FKDQQHO pDWQHVV DQG SLORW WHNSRQUHAM I EH D EWHQUHG ,Q )LJ}
VKRZQ UXQQLQJ WLPHV LWV QRUPDO UDWH 7KL\GPH®DWK LW RFFXSLHV RYHU 0

Selecting MeasSetup > Demod Properties > Advanced allows the sub-cder spacing to be increased to
0+] PDNLQJ WKH [ VLIJQDO FRPSDWLEOH ZWWK H[LVWLQJ PHDVXUHPHQ

JLIXUH OHDVXULQJ GHPRG FKDUDFWHQHVYWLERKVYLQQMOKXGWQP HKOFP@HW pDW D WHVW ZDYHIRUP
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([ WHQGLQJ WKH FDSWXUH SHULRG

Using the full sample rate of the oscilloscope to capture the entire RF signalestricts the measurement
period, and increases the amount of data that has to be processed. Down-corerting the RF signal to
a lower frequency can be used to either extend the capture period, or introduce@me over-sampling.
Over-sampling tends to increase the dynamic range of the measurement bease it allows wideband

noise to be averaged out.
[4-20 GSal/s] Digitizing scope

Wideband mixer:
OLQL FLUFXLWYV =(0

4300, Marki
M2-0006MA
or similar
Signal generator generates
DQ /2 RI 5) 0+]
G%P
DUT output

Figure 55. Down-conversion allows a lower sampling rate, and extended @pture times.

WKH (6* LV VHW 0+] EHORZ WKH FHQWHU 7IKIVT ¥HYQHY RI WKH VLJQDOC

,Q JLIXUH
*+] RI PHDVXUHPHQW EDQGZLGWK 7R DYRLGHMGLM WIRQHH VS IO BBZHEU BQWP KWV LR Q

PHDVXUHPHQW JDWHG LI IUHTXHQF\ FRPSRQHQWYV WKH FHOQWHMIW PRUH WKDQ 0-

Depending on the level of the errors in the down-conversion path, it may be posible to improve the
measurement accuracy using normalization, or the equalization degibed in Antenna and channel
response measurements on page 26.

This technique also eases triggering, by isolating individual symbol figuencies, but it does not
accommodate multiple symbol measurements on a frequency hopping signal



60 | Keysight | Ultra-Wideband Communication RF Measurements - Application Note

Frequency measurement

CW and long pulsed signals

Test modes are often used to switch the RF carrier on continuously, and theby allow the frequency to
be measured without any special techniques. Measurement of static errs in the crystal reference
frequency are suited this approach. The typical performancerequired is 20 ppm, which is
straightforward to achieve.

JLIXUH 8VLQJ WKH )0 GHPRGXODWLRQ LQ

Frequency measurements made on a pulsed signal will offer more insight inthow the DUT operates in
practice. The length of the pulse will determine how much averaging can be domto reduce variations in

the readings, and hence the useful frequency resolution.

Many measurement methods are possible, with different requirements fotriggering and gating the
IUHTXHQF\ FRXQW LQWHUYDO 7KH )0 GHPRGX®DW.ERQ@ OWOURBRWHKPE VLY K\HK AH Q W HOUX V

IUHTXHQF\ 6KRZQ LQ )LJXUH WKLV PHDVXU®B FPHRIBX @ B WN G IIKDUIRIH BKRIIFNLQJ WK F
frequency switched OFDM. Phase stability may also be displayed. In the exahepa tuning frequency

offset of 1 MHz has been deliberately added. The markers show the correspdimg —36 degree phase

shift over a 100 ns interval. Note that the carrier frequency is still corredy reported.

7KH FRQoJXUDWLRQ RI WKH )0 GHPRGXODWLRQ LV DV IROORZYV

MeasSetup > Center Freq: enter nominal value
OHDVG6HWXS ! YUHT ! 6SDQ *+] ZLGH HQRXJK WRKDYRLG OLPLWLQJ PDLQ WLPH O

OHDV6HWXS ! 7LPH ! ODLQ 7LPH QV PXVW EH ORQJHU WKDQ WKH SXOVH GXUDWI
MeasSetup > Demod > Analog Demod: FM > Auto Carrier Frequency

Traced > Data > Chl:Demod > Spectrum

Market > Function > Auto Carrier Frequency
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OFDM modulated signals

7KH PHDVXUHPHQW RI D PRGXODWHG 2)'0 VLIQDI® WHHKLLAMH & HRRHD PR DWMD WH ER YOHRUA
DYDLODEOH DQ LQWHULP VWHS LV WR VFDOHRWKWR-ORENRQUPODMWWMHDRI WKH 'SZI\VQODI
,Q WKH H[DPSOH VKRZQ LQ )LJXUH RQ SDJH LW ZDVIPKOMWIUSOEBBLRY 7KL JLY

will give a useful indicator of the DUT settling characteristics, such ashe frequency perturbation caused by the
WUDQVLWLRQ LQ SUHDPEOH VXE FDUULHUV WYRHA Q@ DQ NWHKH MDHIHWHRIX B/QHDE HV R QP PLNJI

easy to see where in the time record the frequency error occurs.

JLIXUH $Q D VLJQDO DGDSWHG WR VKR LQUIHDPRERNH WIHWHVB\LLQJ E\ PXOWLS

Meas Setup > Demodulator > Wireless Networking: OFDM
Meas Setup > Demod Properties > Advanced > Sub-carrier spacing: 10 MHz
7UDFH ! 'DWD 3UHDPEOH )UHT (UURU

Short pulsed signals

OHDVXULQJ WKH IUHTXHQF\ HUURU RI D YHU\ QPP RZHSWE& M H® WL DJDSHBDRGER QI 0
HQFRPSDVVHV D IHZ 5) F\FOHV W LV PDGH VWKOQLTXMW IRWZDOGXXYRQIWXKLIITHUHQ\
VRIWZDUH DQG WKH VFRSH 7KH FRQo0JXUDKRZRY LG ROWAD WIXEG GALDVALH 1B S PDUWRDE K
page 31. We assume the signal is BPSK and set the symbol rate to the pulse repetitiorefjuency.

JLIXUH VKRZV DQ H[DPSOH RI D 0+] FDUULHU WKDWK KDV @M HXDOPBOEWXGH PR
frequency error was deliberately added to the signal and this is reported intte symbols/errors section of
the display.

J)LIXUH 7KH FDQ EH XVHG WR VKRZ WKH IUHTXI@®R HUURU RI D QDUURZ SXOVHG 5) VL

7KH EDVLF FRQO0JXUDWLRQ XVHG LV

Meas Setup > Demodulator: Digital Demod
OHDV 6HWXS ! " HPRG 3URSHUWLHYVY %36. VHWG/\PRREOOOIWMHY W HIHWX WHRP VLW SMKIHL R

being tested)
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/UDQVFHLYHU 6SXULRXV 7THVWYV

The use of very high-speed digital circuitry means the overall system emmgions are often a combination

of analog and digital effects. The tests, described only in outline here,ra often time-consuming and

UHTXLUH FORVH DWWHQWLRQ WR PHDVXWKDPHQWHFRREFILODDWLRBQR JRKRQ W FRQ 6 IDYH
become unexpected antennas when RF signals couple onto them. Unexpedtevariations in results often

indicate RF signals being present on cables.

7UDQVFHLYHU PHDVXUHPHQWY FRQVLVWRAVSHBLRYRRQY RWHW WNEDRIBVHSKRQOoUP
the UWB radio is operating within regulatory limits. Spurious emissio testing can be performed using a
spectrum analyzer.

Two types of emissions tests are carried out: conducted and radiated. Condted emissions are a
measure of the unwanted signals generated by the DUT from its output conneot or any cabling the
device normally uses. Special signal coupling techniques are requickfor some measurements.

5DGLDWHG HPLVVLRQV DUH WKRVH HPDQDWLQJ WHRRWE&HHD QWHIFAHIDD QR BILBPAHG XS
testing often involves the use of an anechoic chamber to remove backgroundisturbances.

6HSDUDWH VWDQGDUGY DUH VSHFLoHG DFFRBEDW IWRWRKEHHUXVHBQ 7lKH ZKLFK WKH
8QLWHG 6WDWHY IROORZV WKH )&& VWDQGDUGOYLAEKNHUXUR)SH IROOWOMRZVSIWEHQGL[ ' C
(76, 7DVN *URXS D LV ZRUNLQJ RQ GRFXPHQW (1 (/(&GWSHY@W D GUDIW VWDJH
operating limits. The ITU-R is also working on common standards for UWB measements.

Below 1 GHz, tests requiring compliance with the International Special Comittee on Radio Interference

&,635 SXEOLFDWLRQ PD\ UHTXLUH HOH& WWUSRPFDNQXRV DR PR P|SIW LELWK W\ (0
quasi-peak detectors. These tests are not covered in this application ne. Please contact your local

.H\VLJKW VDOHVY UHSUHVHQWDWLYH IRU PRGHAWYRUPDWLRQ RQ .H\VLJKW (0& SU
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SHFHLYHU OHDVXUHPHQWYV

A receiver design is challenging since the designer has to allow for many dérent input signal

conditions, some of which are hard to predict. This is especially true whenperation includes unlicensed

EDQGY DQG PXOWLSOH FKLSVHW YHQGRUWO8: &LWUHFRHRLW HEH WHX/NHL Y K HY 5 D W VIO LL FAX\D (
general-purpose equipment that has the modulation bandwidth or multi-frequency switching required

(for multiband OFDM), therefore so-called golden radios will be used. fis approach has a number of

drawbacks, but traditionally has been the only practicable solution ér reference design integration and

manufacturing.

LWK WKH LQWURGXFWLRQ RI .H\VLJKWV 1 )'G $:1% QmROVWIDXNG RIRROGAROWLEDQG 2
radios are no longer needed for receiver testing. Signal Studio for mulbiand OFDM UWB generates
DFFXUDWH 8:% ZDYHIRUPYVY FRPSOLDQW ZLWK WKH 0%2% SURSRVDO IRU D

This application note describes those tests that can be run with test equiprant and a golden radio, and

provides some suggestions on techniques to minimize the drawbacks of usj a golden radio. It also

GHPRQVWUDWHY WKH VHWXS IRU XVLQJ WKH 10 88%LJQDO 6WXGLR IRU PXOWLEDQGC
software in place of the golden radio.

Designers and users will want to know how the UWB DUT copes with non-UWB transission. For

information on generating interference signals refer to Generatig the interference signal on page 22. Or,

XVH WKH 1 $ 6LIQDO 6WXGLR IRU PXOWLEDQG 2VHUSHU NRFWAOUR DVOR FRIMDWH WK
PRUH LQIRUPDWLRQ UHIHU WR WKH 1 $ XPEKQLFDO 2YHUYLHZ OLWHUDWXUH Q

Test conditions and setup

7KH EDVLF UHFHLYHU WHVW FRQO0OJXUDWLRGEHIUBMIORD % & BOWSDRGSRVDO LV GHVFUL
pulsed system receiver test can also be broken down into the phases of basiaiing and full system

WHVW $V GHVFULEHG LQ 3XOVHG DQG SXOVH PRGXDWR/WH G RP BSDXWHG WKH S X«
the modulation source. This allows deterministic impairments like jiier to be added. Precise spectrum

shaping may be relatively unimportant for this kind of test.

7THVWLQJ PHWKRGYVY DUH W\A\SLFDOO\ QRW ZHO G \G H/KIHHBVIHRW PNV \,QHK U RQREVR VW DQ
packet based transmission timing has meant receiver test is generallyahe using a one-way signal path.

/IRRSEDFN PHFKDQLVPVY DUH QRW GHOoQHG :HIQ DW ARZN YH[MDHDUE@MHO WRIR/SEDFN WHYV
HTXLSPHQW WR GHPRGXODWH WKH UHWXUQHG VLIJQDO DQG GR LWV RZQ % (5 PHDVX

A one-way signal path has the potential for faster testing, because data des not have to be returned,
but places a greater burden on the device supplier and system integrator. &e is required in the
triggering and sequencing of the measurement. For example, changes in leVof the signal source need
time to settle before further measurements are begun.
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. f

o £
JLIXUH $UELWUDU\ ZDYHIRUP EDVHG U H\FKIH YU 2W i M WUPRDQWIXUDWLRQ IR

,Q )LIXUH WKH FRQo0JXUDWLRQ IRU VLQJOH FWKHTWH@ MW ¥ )'DQW B VIW LU HDAMHKR b V
DQ DUELWUDU\ ZDYHIRUP ,4 oOH 7KH ,4 oOHV DJWHHZWKHRGBRZQORDGHG LQWR WKH
generator, which is connected to the | and Q inputs of the PSG signal generator. BH and Q signal

EDQGZLGWK UHTXLUHG LV WKDW RI WKH PRGXODWH® 5) RU DSSUR[LPDWHO\ 0+]

JLIXUH VKRZV WKH W\SLFDO SHUIRUPDQFH RRQVKHSH® ZLQGH RQOWKMREENODWRU R
performance requirements, it may be necessary to calibrate the I1Q path. BhPSA spectrum analyzer can

be used to do this in conjunction with special calibration software. Cordct your Keysight representative

for more details.

A fully operational receiver has to go through three steps to recover the data:

1. Symbol synchronization
2. Channel estimation
3. Packet recognition and data recovery

,Q GHVLJQ LW ZLOO EH LPSRUWDQW WR FRQOUP OMKXHXSHQJRWPEDQEHEGRU HDFK VWDJ
signals. Testing with isolated sections of the packet, starting with tle synch symbols, will allow this. The

timing of individual symbols can be deliberately altered to test the recovey process. For convenience

the structure of the MB-OFDM packet, is reproduced here.

m n E N R O 0 O O O
mn R R R B 00 O 0O 0O
N E R B ®R 0 0 0000

\/

Figure 60. Sequence of symbols in the Mode 1 MB-OFDM packet.
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, ] WKH PHDVXUHPHQW LV RI %(5 RU 3(5 WKH PRGXRQWHIGCWH G/ LIQWRH. Y83OWHUHG L
The application software provided with the DUT will determine what infamation is available for analysis.

7R RSHUDWH ZLWK WKH WHVW VHWXS RI )LJXUH RW KIHMKIDGL. RZQOOD A VHHVHG WR RSH
one frequency.

Wideband external 1/Q inputs (Option 015)

RF output frequency range 3.2t0 20 GHz

Input

Input (baseband) frequency range DC to > 500 MHz (nominal)
Input impedance 50W(nominal)

Recommended input level 0 dBm (nominal)

1/Q offset adjustments +50%

5) SDWK oOWHUV

Carrier Frequency Low-pass 3 dB cutoff frequency (nominal)
>3.2t0 5GHz 5.5 GHz

>5t0 8 GHz 8.9 GHz

> 810 12.8 GHz 13.9 GHz

12.8 GHz 22.5 GHz

Measured 1/Q frequency response

JLIXUH 6SHFLoFDWLRQV IRU 36* 2SWLRQ ZLGHEDQG PRGXODWLRQ

Frequency hopping
JUHTXHQF\ KRSSLQJ WHVWV UHTXLUH FDUHIRKI® \DQG KHURMKHDWL R QIRL WACHQWHVW VF

increase in the bandwidth of the ARB and modulation path, or a switched RF ostaitor. These options
may not be open to many designers.

Therefore, if possible, it is recommended the source is left static, whilehie DUT switches between the

IUHTXHQFLHY DSSURSULDWH WR LWV RSHURWWLUQNEPRGHAKIZEL\L @ OWMXKRZVY DQ\ LVVXHV
receiver to be isolated. It requires that the DUT is able to recover individal OFDM symbols and

depends on the appropriate DUT software being available.
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S5SHFHLYHU (90 PHDVXUHPHQWY DQG % (5

A bit or packet error measurement shows the composite result of analog and resiver demodulation.

The correlation between modulation errors and bit errors becomes more aoplex when using multiple

carriers (OFDM). The MB-OFDM proposal discussed here also use forward@ correction to reduce

WKH SUREDELOLW\ RI ELW HUURUVY FDXVHG BE\BIRRWORLYEGDRUWR DRLGM WORYZHR) HQF
GDWD UDWHV LW GXSOLFDWHYV VI\PEROV DFURXNKWARIUWMHANXBDR FLPSYU RSSHDWKR UL W K
raw data bit recovery performance by using a short amount of data history to prdict what was most

likely to have been sent.

The effect of this combination of data protection measures is to hide analognpairments and reduce the
link margin. Processing gain that could be used to increase the range of the déwe is used to cope with
hardware design issues.

Analog measurements of the output of the receiver down-conversion chia can provide a lot more

LQIRUPDWLRQ WKDQ %(5 DQG 3(5 DERXW DQ\ LBSWLIUFPHHRWLMXUHUHGKRZWKH UHFRY
how a two-channel oscilloscope can be used for IQ signal recovery prior to the BC.

'S
Eff
° ”
S 1
(1]
.
Y Y
]
JLIXUH (QKDQFHG UHFHLYHU WHVW FRQoJXUDWLRQ IRU (90 PHDVXUHPHQWYV

Bit errors are created when the signal vector is not at the right place on the IQ plae, when the receiver
reaches a decision point. The same techniques described in the transmit modulation measurement
'HOWD DGGLWLYH (90 SDJH DQG 2)'0 SDJH PD\ EH XVHG WR LVRODWH WKH I
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S5SHFHLYHU VHQVLWLYLW\ DQG 566, YHULOFDWLRQ

':LWK WKH HPSKDVLVY EHLQJ RQ SDFNHW WUDQVPWVVFLRIQF WEKHU,KIH8: W B URKRSRVDOV (

measurements. Unlike cellular (voice) systems there are no unproteet bits sent as part of a normal
UWB transmission. Figure 63 shows the preliminary minimum sensititi requirements for the MB-OFDM

proposal, and the variation with data rate.

JLIXUH $Q HLIJKW SHUFHQW 3(5 VHQVLWLYDWURIBRNO WHVXOWY IURP GUDIW 0% 2

Of course, packet errors are caused by bit errors, and the longer a packet is, ghless likely it will be

successfully recovered. Therefore a full system test is needed. Thesests will often need to be run

using a golden radio, as shown in Figure 64. Received signal strength indition tests can also be run

XVLQJ WKH VHWXS $Q DOWHUQDWLYH FRQoJREOWRWR @ VXRIFALKD WHGXFIHWKVWRH RI Wt

RF section of the golden radio, is to feed the baseband outputs of the golden rdd to the 1Q inputs of the
PSG signal generator

| SEize 3
= e, [
- 3 £~ %o

Al

"1t

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

JLIXUH *ROGHQ UDGLR UHFHLYHU WHVW FRQoJXUDWLRQ

In addition, the baseband signal of the golden radio can be replaced with the weeform creation
VRIWZDUH 1 $ 6LIQDO 6WXGLR IRU PXOWLEDQBGQX)'D BEBLWRXSOHGYHLRWKPD ZLGHE
generator.

Repeatable measurements can only be obtained if care is taken to ensure theotflen radio performance
is controlled and the RF signal level used for the test is calibrated to an absate standard.
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7KH PRGXODWLRQ TXDOLW\ DQG G\QDPLF IUHTXH®@R\ YOHRFIXdHDFXRL QUKW KIROGHQ UDC(
WHFKQLTXHYVY GHVFULEHG LQ 2)'0 VHH SDJH D Q G BKKHR BRWWSSOOW ISR AZHUQDOV VHH

can be tested using the techniques described in Power on page 41. A power meter and ¢énmal detector
ZLOO DOORZ VPDOO YDULDWLRQV LQ DEVROXWHV5Q ODHEHG MRR BMWK G\H WS MMIOE ZKLF

test.

A network analyzer can be used to calibrate the attenuator and check for impemhce mismatches in
the system.

Clear channel assessment test

'"HVSLWH WKHLU RSHUDWLRQ DV XQGHUODDWWWKQRORIH H\O HVD KIHF K DQRWHROS RV DOV P
assessment (CCA) to control the transmission periods. For both DS-UWBnhd MB-OFDM proposals, the

most basic requirement is to choose a piconet operating code or frequency swihing sequence.

However, these are selected at the time the piconet is established ratherhian being applied actively

during data transfer.

,Q :/$1 &&$ LQYROYHV D FRPELQDWLRQ RI HQHURUBBWHE®/'LRALMQAO QHWZRUN EDV
personal area network, the options to get information from other device are more limited. The UWB
radio will need to perform some form of spectrum monitoring.

The CCA test is designed to prevent the DUT from transmitting at the same time asxather UWB device
Rl WKH VDPH W\SH DOWKRXJK WKLV PD\ EH PRI BOWRUDOWRX G EFIKEQRE®W SLFRQ

switching frequencies.

7KH WHVW FRQOJXUDWLRQV RI J)LIXUHV DQG FDQGHD FRPELR )G MRVUXQ D &&$ \
to be programmable to simulate different piconets. For MB-OFDM, the DUT nat respond to a valid
VLIQDO DW WKH HLJKW SHUFHQW 3(5 VHQV L WH YLIMWQ FOM L6 QXMW KIGQ W K $IVW HVWK H

signal level is 20 dB higher.

7KH '87 PXVW GHWHFW WKH VLIJQDO ZLWK ! SHUFQQWGSWREWEZOQ@& EH KLYV LPSOL!
needed to reduce measurement variations.
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3RZHU 6 XSSO\ OHDVXUHPHQWYV

2QH Rl WKH FULWHULD IRU 3+< OD\HU VHOHFW MWMRIYE IOVH SARKZHH G HF R IQAHK P\8 WH PR UHK H P
stringent the operational and quiescent current requirements.

$00 HTXLSPHQW GHVLIJQV QHHG WR EH WHVWHG DWWH[AXOHRHVSRHIFY¥EBWLRROWDJF
does not make it explicit. Operating limits will very according to the condions imposed by the host
device, whether it is a personal computer or a combination cellular phone.

There are other power supply measurements that can be very informative h€se include the current

consumption as a function of the operational state of the device. Receivergwer management is part of

WKH VSHFLoFDWLRQ EHFDXVH WKH FXUUHRM FR QWR VKD MR ® VAHG G XOULMNHQLQJ LV
transmission. Careful timing is required for periods when the receivesiactive. The longer oscillators and

digital circuitry can be turned off, the longer the battery life.

Monitoring power supply current relative to the timing of radio transmgsion or reception can help ensure
oUPZDUH DQG KDUGZDUH ZRUN WRIJHWKHU DR WHZ5HBWHRS G,RVELH/ DWH/ B @& LD W WW U D
FRPSDULVRQV IROORZLQJ oUPZDUH XSGDWHVYWRRHXMUH®R XQZDQWHG FKDQJHV

Battery emulation allows repeatable testing of the DUT under realisti conditions.

Keysight offers a complete line of DC power supplies that are suitable for thee tests. The 63000 Series

LQFOXGHY JHQHUDO SXUSRVH VXSSOLHWDWVJIQHGOWRY PS8 OWLKIH/ ISP Q GADRIO\ G
mobile communication products. These DC voltage supplies also offer loveurrent measuring capability,

which is useful for evaluating current consumption during standby operton.

7KH VRIWZDUH ZRUNV LQ FRQMXQFWLRQ 4IHWK WKHY G H VHQIHGY VER PHDUN N X.SA\E O
easier to characterize the radio in different modes of operation. A plot of urrent versus time is shown in
YLIXUH

JLIXUH 6DPSOH SORW RI WKH $ VRIWZDUH
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Appendix A:

Keysight Solutions for UWB Test equipment with UWB
capability

— Simulation software, ADS with
( $8:% HVLIQ*XLGH

Full measurement capability Some measurement limitationsl

RF Layer tests 3 4 .
= ‘= ) = Software tool for the design and
<£0| 3 o ® s < S : .
nsa | @ 0y, o 2|0 2 5 simulation of custom UWB systems.
>3 | FELIZ 8 3 2 SEog 222 3UH GHOQHG 8:% FRPSRQH
<g8 Wz§ £_8 ,8| T 9ssgafg o~ °Q % QHQ
Sz | s8> 582 Bz | s¢ | 8882 | s8> models to speed the simulation
858 52F 355 $8 35 TIZ5828¢
BA0 A< WHO DO | WA B2H0 W>< process.
Transmitter tests — Can be linked with an external
Average Power, PSD ARB, PSG Series signal
JHQHUDWRUV DQG 96%
Peak Power, CCDF
software
Spectrum Mask
Correlated Spectrum - 6LPXODWLRQ VRIWZDUH 1
Demodulation Signal Studio for multiband
BaseBand Pulse Shape OFDM UWB
Modulated Pulse Shage 6RIWZDUH SURYLGHV pH[LEOH
T S0 Spurious waveform creation for your design
ransmission Spurious DQG YHULOFDWLRQ RI 2)'0 8:%
Frequency Error transceivers and components. Sig-
Constellation Error nal Studio for multiband OFDM UWB
BB. Eye, Timing Jitter RSHUDWHYV ZLWK WKH ( & '3
Transceiver Tests vector signal generators coupled
Output of band with an external wideband arbitrary
. . waveform generator.
spurious emission
Receiver Tests _ $ *+] UHDO WLPH
Interference oscilloscope
Sensitivity A 20 GSa/s, four-channel input,
Receiver EVM 6 GHz real time oscilloscope. The
Max Input Level 96% VRIWZDUH FDQ EH U X
(Non) Adjacent Channel tefrr_lally,. along with r?\ range of other
rejection digital signal analysis software
— Recommended options:
Component Test ~ ( $ MLWWHU DQDO\VLV
Common Mode rejection software
Amplitude & Frequency — 001: 1 Msa memory
Linear analysis
Non-linear analysis

1. See the notes within the appropriate section of this docment for a description of the capabilites and
OLPLWDWLRQV RI VSHFLoF LWHPV RI HTXLSPHQW
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Test equipment with UWB capabilitycontinued

- 9HFWRU 6LJQDO $QDO\VLYV VRIWZDUH $
9HUVDWLOH DQG SUHFLVH VLJQDO DQDO\VLYV
Recommended options:

- '\QDPLF OLQNV WR ((6RI $'6
- $<$ 2)'0 DQDO\VLV

- 6LJQDO *HQHUDWRU 36* ( & '
Modulation source for multiband OFDM signals for transmitter and compnent test. Use in
conjunction with an external arbitrary waveform generator or 1Q outpts from radio baseband. Recommended
options:
- *+] ZLGHEDQG , 4 LQSXW
— UNR: enhanced phase noise performance
- *+] 36* YHFWRU VLIJQDO JHQHUDWRU

- 6LJQDO *HQHUDWRU (6* &
&UHDWH D ZLGH YDULHW\ RI LQWHUIHUHQFH XHWRROWK LQHAHDODKQGLQJ 8:% :/$1 DQG %O
FROQMXQFWLRQ ZLWK $ 96%$ VRIWZDUH WR UHSOD\ DQ\ UHFRUGHG WHVW VLJQDO

— Recommended option:
— 403: wideband noise source

- 6SHFWUXP $QDO\]HU 36$% WR *+] DQG (6% $ 6HULHYV
Semi-automated, one-button test execution for swept spectrum trarsmitter measurement. The frequency range for
DQDO\VLV FDQ EH HITWHQGHG DERYH *+] XVLQJ SUHWHO 8B WHH0 HBRWY IQGF DAEQYGH U WH U V
— Recommended PSA options:

A
-+ *+] ORZ QRLVH SUHDPSOLOHU
- 3XOVH *HQHUDWRU $

Able to create a wide range of pulse signals, and known timing errors. Comb&Channel 1 and Channel 2 signals to
create a three-level signal, or use both channels to create an 1Q signal

— Recommended option:

— Dual channel

- (30 3 SRZHU PHWHU DQG $ WKHUPDO VHQVRU ( SHDN SRZHU VHQVF
Make accurate average power measurements with the thermal sensor. Msare and inspect framed signals with the
peak power sensors.

2WKHU 7HVW (TXLSPHQW

- 76 VKLHOGHG 5) HQFORVXUH
Allows repeatable RF measurements to be made, without interferencedm external environment.
- '& VRXUFHV % ' ZLWK WHVW VRIWZDUH
Fast programmable dynamic DC power sources with battery emulation.
- /RJLF $QDO\]HUV 6HULHYV
BURYLGHV FRPSUHKHQVLYH VI\VWHP OHYVHG® GHEXJID. Q H GRYHGILDIADBVA K@ U G Z
- /RJLF $QDO\]HUV 6HULHYV
B3URYLGHV FRPSUHKHQVLYH V\VWHP OHWHY RBW EXNI GV LR Q W XBOML(S O HASDIRWF K
emulation trace Macrocell port for ARM processor triggering.
- 1HWZRUN $QDO\]HUV 31%$ DQG (1%$ 6HULHYV
Recommended Option 010 time domain analysis
BURYLGHV PHDVXUHPHQW RI DQWHQQD 96:5 DQGLSMRKRUPDQFH RI 3% /1% DQG 5) V
- )XQFWLRQ *HQHUDWRU $ 0+] IXQFWLRQ DUELWUDU\ ZDYHIRUPYV
MB-OFDM frequency switching signal.

Accessories

— Oscilloscope Probe —113xA
Ultra high speed active probes. Differential and single-ended.

- ( $ JHQHUDO SXUSRVH *+] SURELQJ VROXWLRQ
Single ended and differential probes with external power supply and DC é$et capability.
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Appendix B: Recommended Reading

Useful Web links

Keysight UWB application and product information:
KWWS ZZZ NH\VLIJKW FRP 0QG 8:%

Keysight application on differential device measurement:
KWWS ZZZ NH\VLJKW FRP o0QG HQD

Keysight information on PSG signal generators:
KWWS ZZZ NH\VLJKW FRP 0QG SVJ

Keysight information on CCDF plots:
KWWS Z2ZZ HGXFDWRUVFRUQHU FRP PHGLD $1B ( SGI

((( +RPH SDJH KWWS ZZZ LHHH RUJ

DesignGuides developments for other UWB formats:
http:/feesof.tm.keysight.com/products/ultra_wideband _dg.html

Multi-band OFDM Alliance: http:/www.multibandofdm.org/

Demo software

- $ 6RIWZDUH GHPR LV VRIWZDUH DYDLODEOH RQ & RU GRZQORDGDEOH 0E

- 'RZQORDG WKH 1 $ 6LJQDO 6WXGLR IRU PXOWLRDQG D)E0 87K H RIWZDUH WR \R>
VLIJQDO FRQOJXUDWLRQ DQG JUDSKW)HGFESRBLYQ I WWHQ JFW® HE M VD OGWHU IDFH ¢
WR SXUFKDVH JR WR ZZZ NH\VLJKW FRP 0QG VLJQDOVWXGLR

Application notes
Spectrum Analyzer Measurement and Noise, $SSOLFDWLRQ 1RWH OLWHUDWXUH QXPEHU (

Making Pre-Compliance Conducted & Radiated Emissions Measurements thi EMC Analyzers,

$SSOLFDWLRQ 1RWH OLWHUDWXUH QXPEHU (

RF Testing Of Wireless LAN Products,$SSOLFDWLRQ 1RWH OLWHUDWXUH QXPEHU (1

Equalizer Techniques & OFDM Troubleshooting for Wireless LANSSSSOLFDWLRQ 1RWH OLWHUDWXUH

QXPEHU (1

Improving TDR/TDT Measurements using Normalization$ SSOLFDWLRQ 1RWH OLWHUDWXUH QXPEHU
(1

+LJK B3UHFLVLRQ 7LPH 'RP D4LS)S BDH FBHFW R BHMRWM H OLWHUDWXUH QXPEHU (

Spectrum Analysis, $SSOLFDWLRQ 1RWH OLWHUDWXUH QXPEHU

Easy Frequency Extension to 110 GHz Using Keysight 83550 Series Millimet/ave Source Modules,
OLWHUDWXUH QXPEHU

Measuring Jitter in Digital Systems, $SSOLFDWLRQ 1RWH OLWHUDWXUH QXPEHU (1

Finding Sources of Jitter with Real-Time Jitter Analysis, $SSOLFDWLRQ 1RWH OLWHUDWXUH QXPEHU
(1
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Appendix B: Recommended Readingcpntinued)

Product notes
Keysight PSA series Swept and FFT analysisOLWHUDWXUH QXPEHU

HA\WLIKW ,QoQLLXP 2VFLOORVFRSHYV 3HU IR UP DM\ZHtdrdtite iimb&V L Q J $ 96% V
(1

HAWVLJIKW ( $ *HQHUDO 3XUSRVH OHWHREWJ U 18 ROMPVE HRIQ (1

HAWVLIKW 6HULHV :LGH %DQGZLGWKO2MAMHWUBW BUH Q RPEMHIO\JHUV (

8VLQJ 9HFWRU ORGXODWLRQ $QDO\VLV RQ WEE "HWHOQURWLBOWDORNEOHVKRRWL
Communications Systems, SURGXFW QRWH OLWHUDWXUH QXPEHU (

-LWWHU $QDO\VLV 8VLQJ DQG .H\V LOIKWH W\ X UXPQXPAELKOW RV FR S HL

RF background reading
Effects of Physical Layer Impairments on OFDM Systems RF Desigviay, 2002, p. 36, www.rfdesign.
com, Cutler, Robert

Antenna measurements: Triggering the PNA series Network Analyzefor use with PSG as remote RF
VRXUFH ZKLWHSDSHU OLWHUDWXUH QXPEHU (1

+LQWV IRU ODNLQJ %HWWHU 6SHFWBSSOULFDOMIRQ ARDMXUHPHQWWHUDWXUH QXPE
(

Cookbook for EMC Pre-compliance Measurements,$SSOLFDWLRQ 1RWH OLWHUDWXUH QXPEHU
(

Testing and Troubleshooting Digital RF Communications Receiver B&@ns, Application Note 1314,
OLWHUDWXUH QXPEHU (

Testing and Troubleshooting Digital RF Communications TransmitteDesigns, Application Note 1313,
OLWHUDWXUH QXPEHU (
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Appendix C: Glossary

Acknowledgement — the short frame sent by a receiver when it is able to correty decode a packet
Bluetooth — a frequency hopping WPAN radio system, operating in the 2.4 GHz licensed band

CDMAOonNe — spread spectrum cellular technology, using code domain
PRGXODWLRQ EDVHG RQ 7,% (,%$ ,6

Convolution — a technique to determine the system output when the system impwe response and input
signal are known

Correlation — a technique to measure the similarity between two signals

Direct sequence code division multiple access — UWB transmission schearthat amplitude or 1Q
modulates an RF carrier with a very high speed, digital signal that has been feditough a
VSHFWUXP VKDSLQJ oOWHU 3D\ORDG V\PEHREQW BEWDWBUHDMKH® FHRP VHOHFWHG

Medium access control — the function of the software that adapts wired datatansmissions, so they are
suitable for sending over a RF link

Mixed mode — term used for a vector network measurement technique giving singttended and
GLITHUHQWLDO WUDQVPLVVLRQ DQG UHDpPBEWHRGQ QWMVXOWNVRXWRKRXW QHHGLQ

Multi-band OFDM — an UWB transmission scheme that transmits data packetas a sequence of
individual OFDM symbols on adjacent RF frequencies

Multi-path propagation — the dominant effect controlling RF transmission inside buildings. A single
WUDQVPLW VLIJQDO DUULYHV DW WKH UHFHLYIBDEFHKD YLQH & HH B UHLpHF WGl G HOPR P D (
EHWZHHQ WKH PDQ\ UHpHFWLRQV FDQ OHDG WR LQWHU V\PERO LQWHUIHUHQFH

OFDM — a modulation scheme that is insensitive to multi-path radio wave proagation. A high-speed
data signal is divided amongst many sub-carriers, thereby increasipthe transmit duration for each data
symbol

Pulse de-sensitization — a potentially mis-leading term, histori@ally used to describe why the amplitude
shown on a spectrum analyzer screen is lower than the average power of the transtted signal. Caused
by the resolution bandwidth of the spectrum analyzer being much less thanignal bandwidth

Ultra wide band — informally, an RF signal with 20 percent ratio of occupied badwidth to center
IUHTXHQF\ RU DQ LQVWDQWDQHRXY EDQGZLEWHBQDWLREODARPHY DURP)RUPDOO\ W
spectrum regulations documents, which may vary by region

Uncoordinated piconet — a pair of wireless devices involved in data tramsission, operating without the
EHQHoW RI DQ\ FHQWUDOL]HG QHWZRUN PDQPU®GR QWD QMPRWVRRY WLHHKVDWR WWR GH

or power level

Underlay technology — a system that can be added to an existing environment, ahas a design feature
PXVW FDXVH PLQLPXP LPSDFW 7KH GHOQLWLR@WRPBLERXPHVY GHWHUPLQHG E\ UH

Wavelet — an RF signal that is of short duration relative to the transmissionopagation delay
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Appendix D: Symbols and acronyms

ACK Acknowledgement

ADC Analog-to-digital converter

ADS Advanced design system

AP Access point

ARB Arbitrary (waveform generator)

% (5 %LW HUURU UDWH

bps Bits per second

BOK Binary orthogonal keying

BPSK Binary phase shift keying

CCA Clear channel assessment

CCDF Complementary cumulative distribution function

CDMA Code domain multiple access

CISPR International Special Committee on Radio Interference

CMOS Complementary metal-oxide semiconductor

CMRR Common mode rejection ratio

CRC Cyclic redundancy check

CSMA/CA  Carrier sense multiple access with collision avoidance

CW Carrier wave

DAC Digital-to-analog converter

DQPSK Differential quadrature phase shift keying

DS-CDMA Direct sequence code domain multiple access

DSP Digital signal processor

DUT Device under test

"9 % 'LJLWDO YLGHR EURDGFDVW

(,53 (TXLYDOHQW LVRWURSLF UDGLDWHG SRZHU
(0& (OHFWUR PDJQHWLF FRPSDWLELOLW\
(1%: (TXLYDOHQW QRLVH EDQGZLGWK

(6* (OHFWURQLF VLIJQDO JHQHUDWRU

(76, (XURSHDQ 7THFKQLFDO 6WDQGDUGY ,QVWLWXWH
(90 (UURU YHFWRU PDJQLWXGH

FCC Federal Communications Commissions

FFT Fast Fourier transform

GPR Ground penetrating RADAR

GPS Global positioning system

IC Integrated circuit

((( ,QVWLWXWH RI (OHFWULFDO DQG (OHFWURQLFV (QJLQHHUV
IF Intermediate frequency

IFS Inter-frame spacing

ISI Inter symbol interference

,60 ,QGXVWULDO 6FLHQWLOF DQG OHGLFDO
ITU-R International Telecommunications Union - Radio

-('(& -RLOQW (OHFWURQ 'HYLFH (QJLQHHULQJ &RXQFLO
/1% /IRZ QRLVH DPSOLoOHU

/12 /IRFDO RVFLOODWRU

MAC Medium access control

MB-OFDM  Multi-band orthogonal frequency division multiplexing

1/26 1RQ OLQH RI VLWH SURSDJDWLRQ SDWK
OFDM Orthogonal frequency division multiplexing

3(5 3DFNHW HUURU UDWH

3+< 3K\VLFDO OD\HU

3/1 3KDVH ORFNHG ORRS

31 3VHXGR UDQGRP QXPEHU 1 VHHG RIWHQ
PRBS Pseudo random binary sequence

PRF Pulse repetition frequency

PSD Power spectral density

QF
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Appendix D: Symbols and acronymscntinued)

QAM Quadrature amplitude modulation

QPSK Quaternary phase shift keying

RADAR Radio detection and ranging

RBW Resolution bandwidth

RF Radio frequency

5)," 5DGLR IUHTXHQF\ LGHQWLOFDWLRQ
rms Root mean square

RRC Root raised cosine

RSSI Receive signal strength indication

RX Receiver

S/R Signal to noise

SCPI Standard commands for programmable instruments
6(0 6SHFWUXP HPLVVLRQ PDVN

SMA Sub-miniature (RF connector) version A

SNR Signal-to-noise ratio

SOP Simultaneous operating piconet

SRD Short range device

TDD Time division duplex

TDMA Time division multiple access

TPC Transmit power control

TX Transmitter

UNII Unlicensed National Information Infrastructure

uUsSB Universal serial bus

uwB Ultra wide band

9%: 9LGHR EDQGZLGWK

9&2 9ROWDJH FRQWURO LQWHUIDFH
96% 9HFWRU VSHFWUXP DQDO\]JHU
96:5 9ROWDJH VWDQGLQJ ZDYH UDWLR
%1 :LUHOHVYVY ORFDO DUHD QHWZRUN
WPAN Wireless personal area network

'LO(',$ :LUHOHVV 0(',$

$SSHQGL[ ( 5HIHUHQFHV

6XSSOHPHQW WR ,((( 6BWDQGDUG IRU ,QIRUPDWLRQ 7THFKQRORJ\ ,((( 6WG
Dq VXSSOHPHQW WR ,((( 6WG

J((( 3 OXOWL %DQG 2)'0 3K\WLFDO /D\HU 3URSRVDO IRU
C((( 7DVN *URXS D

C((( 3 "WUHPHB6SHFWUXP &)3 GRFXPHQW
((C 3 U GRFXPHQW
5HIHUHQFH )&& 6HFWLRQ G

)&& &)5 SDUW VXE SDUW ) $XJIXVW
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