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Introduction

Vector network analyzers are the primary tool for accurate characteriation of RF and microwave
components, providing precision measurements of both magnitude and pase responses. For many
GHYLFHVY D FRQWLQXRXV ZDYH &: VWQPXWOXXIOHVMRWVH FRQoJXUDWLR

+RZHYHU PDQ\ 5) DQG PLFURZDYH DPSOLoHUV HNVGHIHQVHRPPSHOEEDW LIR@E DHU
require testing using a pulsed-RF stimulus. This application note focses on new pulsed-RF S-

parameter measurement techniques and capability provided by KeysighTechnologies, Inc. PNA

Series of microwave vector network analyzers. This application noteistusses the advantages and

disadvantages of the two detection techniques commonly used (wideband ashnarrowband detection),

and compares and contrasts the PNA series network analyzers (includindgpé¢ PNA-L) with the former

industry standard for pulsed S-parameter measurements, the 85108A psed RF-network analyzer

system.
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Figure 1 shows an example of a modern microwave system — in this case, a radar sgst.

It is apparent from the block diagram that these systems are composed of many

LQGLYLGXDO 5) DQG PLFURZDYH FRPSRQHQWVQW@XFK DV DPSOLoHUV PL[HUV oOWHUV
antennas. Accurate magnitude and phase characterization of these congnents is

FULWLFDO IRU HITHFWLYH VA\VWHP VLPXO/MWHLRRSERQB QWHVW FOFDWLRQ 6RPH RI WKH

be tested with conventional swept-CW signals; this will yield traditonal S-parameter

measurements. However, some of the components must be tested under pulseRF

conditions to simulate their intended operating environment. This aplication note covers

WKH VSHFLoF SXOVHG 5) PHDVXUHPHQWYVY XVHG RPIRRKWWKINHQ DQG WKH WHFKQLTXHV E\
are achieved.
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Figure 1. Block diagram of a typical radar system
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Pulsed-RF component testing

The topic of pulsed-RF testing is often focused on measuring the pulses thraselves. This

is critical, for example, in evaluating radar system performance and éctiveness. When

measuring components however, the pulses are merely the stimulus, and gvector

network analyzer (VNA) measures the effect that the device under test (DO has on the

pulsed stimulus. Any non-ideal behavior of the pulses themselves is reaved from the

measurement since the VNA performs ratioed measurements. This meandt each

6 SDUDPHWHU PHDVXUHPHQW FRPSDUHV D RRQVXHWSRONHHFWLRQ RU WUDQVPLVV
with the incident signal, providing ratioed magnitude and phase resul$. Figure 2, shows

WKH FRQo0JXUDWLRQ IRU PHDVXULQJ IRUZDMOBVXSBY DWPKHNHUY WKH 5 UHFHLYHU P
LQFLGHQW VLJQDO WKH $ UHFHLYHU PHDWKYHWYHWKHYWHHUpHFWLRQ UHVSRQVH DQG WK
measures the transmission response. S11 is the complex ratio of the A and R regers,

and S21 is the complex ratio of the B and R receivers.
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J)LIXUH 6LPSOLOHG YHFWRU QHWZRUN DQDO\]JHU EORFN GLDJUDP

Testing under pulsed-RF conditions is very valuable for devices that Wbe used in a

pulsed-RF environment, since the behavior of many components differs heveen CW and

SXOVHG VWLPXOXV WHVW )RU H[DPSOH WKH @LDVSXKIOW® DPSOLoHU PLJKW FKDQJH GX
2U WKH DPSOLoHU PLJKW H[KLELW RYHUVKRRBRW VWLEXWIWRG GURRS DV D UHVXOW RI
with a pulse. Also, particularly for radar systems, measuring the trarient behavior within

the pulse is critical for understanding system operation. Unintendd modulation on the

pulse (UMOP) can cause system problems in radar systems such as decreasddtter

rejection, decreased target velocity resolution, undesired sprad of phased-array-

DQWHQQD EHDP SDWWHUQV DQG XQLQWHE@®EWLRQDO LGHQWLOFDWLRQ RI UDGDU V\VW
Characterizing the amplitude and phase versus time in the pulse is cruciabt

characterizing and containing UMOP.

Many devices simply cannot be tested with CW stimulus at the desired power leve. For

HI[DPSOH PDQ\ KLJK SRZHU DPSOLOHUYVY DUH QRW.ESHWLRQHG WR KDQGOH WKH SRZHU G
RI FROWLQXRXV RSHUDWLRQ DQG ZKHQ WHXIWEQH@®Q KBWDMU PDQ\ GHYLFHV ODFN V
sinking for CW testing. Testing with pulses allows the test-power levels bthese devices

to be consistent with actual operation, resulting in more realistic chaacterization

without thermal-induced damage. Characterizing these devices on-vafer prevents

GHYLFHV ZKLFK GRQjW PHHW WKHLU VSHFL@QFIWKIHRQV IURP EHLQJ SDFNDJHG VDYL
manufacturer considerable time and money.
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Pulsed-RF measurement types

This section covers the four basic ways that pulsed-RF stimuli are used in ogunction
ZLWK 91%$V 7KH oUVW WZR W\SHVY DUH SXOVHE ® YDQDOGHWHU PHDVXUHPHQWY ZKHU

complex data point is acquired for each carrier frequency. The data is dispy&d in the
IUHTXHQF\ GRPDLQ DV PDJQLWXGH DQG RU SRDYHIRUMWUDQVPLVVLRQ DQG UHpHFWLR

7KH WKLUG DQG IRXUWK PHDVXUHPHQW W\SHV WSW®BRQH ZLWK D o[HG 5) FDUULHU DQC

data in the time domain.
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Figure 3. Average and point-in-pulse measurements
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Average and point-in-pulse pulse measurements

$YHUDJH SXOVH PHDVXUHPHQWY PDNH QR DWWHFEWFWR SRVLWLRQ WKH WUDFH SRLQ\
point within the pulse. For each carrier frequency, the displayed S-parmeter represents

the average value of the pulse. This occurs for example when doing narrowband

detection without any receiver gating. Point-in-pulse measuremants result from taking

GDWDRQO\ GXULQJ D VSHFLOHG DFTXLVLWLEBRZZRRGWZEAHLWKLQ WKH SXOVH 7KLV ZLQ
VSHFLoOoHG LQ WHUPV RI WLPH GXUDWLRQ ZLOWK DKHUBRVLWLRQ ZLWKLQ WKH SXOVH
are different ways to do this in hardware, depending on the type of detection sed

(Figure 4). With wideband detection, the window is generally set by the dat sampling

SHULRG GHWHUPLQHG E\ WKH ,) EDQGZLGWK RDWKHWMIKQVWUXPHQW DQG D VSHFLOHG
narrowband detection the acquisition window is set with a hardware swith or “gate”,

which only allows measurement of a slice of each pulse. The gating can be perfmed in

either the RF or IF portion of the measurement receiver (PNA Option H11 pralés IF

gates). Both wideband and narrowband point-in-pulse techniques wil be covered in

depth later on.
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3XOVH SURoOH PHDVXUHPHQWYV

3XOVH SURoOH PHDVXUHPHQWY )LJXUH GLWSGROWHKH PDIJQLWXGH DQG SKDVH RI WK
versus time, instead of frequency. The data is acquired at uniformly spacedhte positions

across the pulse. This is achieved by varying the delay of measurement witespect to

WKH SXOVH ZKLOH WKH FDUULHU IUHTXHQF\ LV o[HG DW VRPH GHVLUHG IUHTXHQF\

VNA data dlsplay
Dataacquired at uniformly spaced” [ ===
time positions across pulse . Magnitude I
N / (requires a repetitive pulse stream) |-
. |
Pulse profile s
- Phiaseé

Time domain
JLIXUH 3XOVH SUROOH PHDVXUHPHQWYV
For all of these measurements, there may not be a one-to-one correlation bveen trace
points and the actual number of pulses that occur during the course of the entire
measurement. For example, with narrowband detection, many pulses canazur before
enough data is collected for each trace point. With wideband detection, he analyzer

may not be able to completely process a trace point during the time between pulss,
resulting in skipped pulses between displayed trace points.

Figure 6 shows in more detail how the data acquisition occurs for point-in-plse and

SXOVH SUROOH PHDVXUHPHQWY 7KLV HIDPSOHWWHWRBREN SBXQWHY UHTXLUHG IRU HYH
but actually the number of pulses needed varies with pulse-repetition fequency (PRF)

and IF bandwidth, and ranges from one (using wideband detection) to many @ing

narrowband detection). The differences between the detection modegis explained

starting on page 9. For point-in-pulse measurements, the gate positions constant

(relative to the pulse trigger) for all the pulses, regardless of carrierrequency. Each

VXFFHVVLYH WUDFH SRLQW UHSUHVHQWVYH XWURKBYH FDUULHU IUHTXHQF\ )RU SXO
measurements, the gate position is constant only during the time it takes to rasure

one trace point. For each successive trace point, the gate delay is increasl, so that

after all the trace points are acquired, the delay will have spanned the rangeet up in the

SXOVH SUROOH PHDVXUHPHQW
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Figure 6. Pulsed-RF data acquisition (time-domain view)
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Pulse-to-pulse measurements

Pulse-to-pulse measurements are used to characterize how a pulse st@m changes

versus time due to variations in the performance of the DUT. For example, therh

HITHFWV LQ DQ DPSOLoOHU FDQ FDXVH JDLQ UHGMXFPMHIRMPYVDQG SKDVH VKLIWY 7KHVH PH
DUH GRQH ZLWK D o[HG 5) FDUULHU DQG WKH GDWWDHLY GLVSOD\HG DV HLWKHU PDJQL)
YHUVXV WLPH 7KH PHDVXUHPHQW SRLQW UHPDHQWUL[HGEHUQ WLPH ZLWK UHVSHFW WR |
Figure 7 shows an example of a pulse stream decreasing in magnitude over the cme of

VL[ SXOVHV GXH WR JDLQ UHGXFWLRQ LQ D KLJK SRZHU DPSOLoHU DV LW KHDWV XS

One trace point for each successive
pulse, with no pulses ipped

CW pulses

VNA data display

Time domain

Figure 7. Pulse-to-pulse (single shot) measurements

Pulse-to-pulse measurements require wideband detection, and the de&a processing in
the analyzer must be fast enough to keep up with the pulses. There must be one trac
point per RF pulse, and no pulses can be skipped. Since pulse-to-pulse measements
can capture information from a non-repetitive pulse stream, the meastement falls
under the general category of “single-shot” (as opposed to repetitivg measurements.
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Pulsed-RF Detection Techniques

The next section provides an overview of the two different detection techues,

wideband and narrowband, commonly used in network analyzers. Each det&ion

technique has its advantages and disadvantages. However, either techniquean be used

WR DFFXUDWHO\ PHDVXUH 6 SDUDPHWHUYV RI DPSOLoOHUYV

This application note assumes the reader is already familiar with pulseRF
measurements. The basic concepts of pulsed RF are reviewed in Figure 8. Wha signal
is switched on and off in the time domain (i.e., “pulsed”), the signal’'s spectm in the
frequency domain has a sin(x)/x response. The widths of the lobes are invely related
to the pulse width (PW). This means that as the pulses get shorter in duration, th
spectral energy is spread across a wider bandwidth. The spacing betweeié various
spectral components is equal to the pulse repetition frequency (PRF). If theF is

10 kHz, then the spacing of the spectral components is 10 kHz. In the time domainhe
repetition of pulses is expressed as pulse repetition interval (PRI) omupse repetition
period (PRP), which are two terms for the same thing.

Pulsewidth (PW) Measured S-parameter

l

Carrier frequency

o Mﬂl i
domain il
Pulserepetition period (PRP
Pulse repetition interval (PRI)
Pulserepetition frequency
(PRF= 1/PRI)
Duty cycle = .
on time/(on+off time) ey
= PW/PRI LPwW
Frequency 3 3
domain

Figure 8. Pulsed-RF network-analysis terminology

Another important measure of a pulsed RF signal is its duty cycle. This is the amatiof

time the pulse is on, compared to the period of the pulses. A duty cycle of 1.0 (100%)

would be a CW signal. A duty cycle of 0.1 (10%) means that the pulse is on for one-tent

RI WKH RYHUDOO SXOVH SHULRG )RU D o[HG SMHDWMHMKEMWK LQFUHDVLQJ WKH 35) ZLO
GXW\ F\FOH )RU D o[HG 35) LQFUHDVLQJ WKH SXOMH ZLGWK LQFUHDVHV WKH GXW\ F\
cycle is an important pulse parameter for narrowband detection.
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Overview of wideband detection

Wideband detection can be used when the majority of the pulsed-RF spectnm is within
the bandwidth of the receiver, as shown in Figure 9. In this case, the pulsed-RRgnal will
be demodulated in the instrument, producing baseband pulses. This dete@n can be
accomplished with analog circuitry or with digital-signal processng (DSP) techniques.
With wideband detection, the analyzer must be synchronized with the pule stream, so
that data acquisition only occurs when the pulse is in the “on” state. This meanthat a
pulse trigger must be supplied to the analyzer that is the same frequency as the RF, and
that has the correct delay relative to the pulse stream. For this reason, tkitechnique is
also called synchronous acquisition mode. 8510-based systems had a btiin pulse
generator to synchronize the data acquisition, while the PNA relies on exteal pulse
generators.

ReceiverBW

Pulse trigger

Frequencydomain

Timedomain

Figure 9. Wideband (synchronous) detection

The advantages of the wideband mode are the fast measurement speed, simpiig of the
test setup, and that there is no loss in dynamic range when the pulses have a low duty
cycle (i.e., a long time interval between pulses). Measurements take Iger as duty cycle
decreases, but since the analyzer is always sampling when the pulse is on, thgsal-to-

noise ratio is essentially constant versus duty cycle.

7KHUH DUH WZR GLVDGYDQWDJHYVY WR XVLQJ ZRBSEDKH&G WRWHFWLRQ 7KH oUVW LV WK
QDUURZEDQG GHWHFWLRQ WKH QRLVH pRRU RGEWMWKH LQVWUXPHQW LV KLIJKHU GXH WR
bandwidth used for detection. In the 8510, for example, this limited the bestase

dynamic range to approximately 60 dB. Another disadvantage of this technigaiis that

there is a lower limit to measurable pulse widths. As the pulse width gets smér, the

spectral energy spreads out—once enough of the energy is outside the banidth of the

receiver, the instrument cannot detect the pulses properly. Another wg to think about it

LQ WKH WLPH GRPDLQ LV WKDW ZKHQ WKH SXOMHWDPHHRMLIQLOFDQWO\ VKRUWHU WKD(
the receiver, they cannot be detected. In the 8510, the narrowest pulse widthhat could

be used was about 1 us.

Generally, if the pulse width required for testing the DUT is long enough to use ideband
detection, it is the preferred method.
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Overview of narrowband detection

Narrowband detection is used when the bandwidth of the receiver is too smato contain

WKH VLIQLoFDQW HQHUJ\ RI WKH SXOVHG 5)QE6 FDORRW IEIFH WKH SXOVHG 5) VL
IXOO\ FDSWXUHG WKH DQDO\]HU JRHV WR WEKB\ RWKHIWH[RM\WHPH oOWHU HYHU\WKLQ
one spectral component, as shown in Figure 10. With narrowband detectionall of

WKH SXOVH VSHFWUXP LV UHPRYHG E\ DQDORJ RIQYWBDEDVHG oOWHULQJ H[FHSW IRU W
I[IUHTXHQF\ FRPSRQHQW ZKLFK UHSUHVHQWVWHKHOOQMHAXHQF\ RI WKH 5) FDUULHU $I

the pulsed-RF signal appears as a sinusoidal (CW) signal, so there is no need t

synchronize the analyzer samples with the incoming pulses, and a pulse acggition

trigger is not required. Because an acquisition trigger is not used for narreband

detection, the technique is also called asynchronous acquisition mode.

MWAAARARR

I ATRIRIRTRIATR! [
TRIRIRIAY TRIRIRIRIA
VUVVYYUUVUVYuY

Time Domain

Dynamic range degradatio
= 20* log [duty cycle]

] IF Filter
Frequency domain

B L

Figure 10. Narrowband (asynchronous) detection

Although a data acquisition trigger is not needed for narrowband detectn, it should be
noted that, when gating is employed, the gate switches do require a synchronasitrigger
so that the gate is turned on during some portion of the time when the pulse is also on.
However, since gating is not an essential element of narrowband deteadn, the
technique is still considered as an asynchronous process.

When older network analyzers like the 8510 use narrowband detection, #1 PRF has

to be high compared to the IF bandwidth, to ensure that all of the undesired specatl

FRPSRQHQWY DUH oOWHUHG DzZD\ )RU WKLV UMDADRO VEKWKHHFKQLTXH LV DOVR VRPH\
“high PRF” mode.

Keysight developed a unique “spectral-nulling” technique for the PNA wwich enables

narrowband detection using wider IF bandwidths than normal. This novgechnique

\LHOGV IDVWHU PHDVXUHPHQWY WKDQ WKRED REWO WHUE El FRQYHQWLRQDO QDUU
and lets the user trade dynamic range for speed.

The main advantage to narrowband detection is that there is no lower pulse-vwdth limit,

VLQFH QR PDWWHU KRZ EURDG WKH SXOVH VSHFWUXP LV PRVW RI LW LV oOWHUHG DZ
leaving only the central spectral component. For example, the PNA in narroband mode

can easily make S-parameter measurements with 100 ns pulses. Another adntage is

that for duty cycles in the 1% to 100% range, measurement dynamic range is uslig

VLIQLoFDQWO\ EHWWHU WKDQ WKDW REWDEKGHEDIUWRPZAUGHEDQG GHWHFWLRQ GXH WF
EDQGZLGWK oOWHUV WKDW DUH XVHG

The disadvantage to narrowband detection is that measurement dynamicange
decreases as duty cycle decreases. As the duty cycle of the pulses gets smallese(,

a longer time interval between pulses), the average power of the pulses getssaller,
resulting in less signal-to-noise ratio. In the frequency domain, you ca see this effect by
observing the magnitude of each spectral component decrease as duty cycle deeased,
resulting in decreased measurement dynamic range. This phenomenos bften called
“pulse desensitization”. The degradation in dynamic range (in dB) can bexgressed as
20*log (duty cycle).
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Comparing the two techniques

Figure 11 shows the effect of duty cycle on pulsed dynamic range. The 8510, umj
broadband detection, has around 62 dB of dynamic range, independent of dutyycle.
Using narrowband detection, the PNA’s dynamic range decreases with @eeasing duty
cycle. For every factor of 10 decrease in duty cycle, the dynamic range is redudeédy 20
dB. The cross-over point is approximately 0.1% — this means that for duty cydef 0.1%
or more, the PNA will have as much or more dynamic range than an 85108A system. Ehi
duty cycle range covers most radar, electronic warfare, and wireless comumnications
measurement applications. The PNA's inherent high dynamic range (conaped to the
8510) helps it overcome the limitations of narrowband detection. Alspthe PNA has the
advantage of being able to measure components needing pulses narrower #n 1 us,
which is the 8510’s limit.

100
\ Narrowband detection PNA

o
O
: 80 g RN Wideband |
=] " Camms N detection |
< \ 8510
Wideband detection = 60 < =l
\ E \ \‘ Isothermal
© N -
c
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N,

0 N
N

/

Figure 11. Duty-cycle effect on pulsed dynamic range
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Note that the x-axis of this chart is the system duty cycle, which takes into accont any

JDWLQJ WKDW WKH 31% XVHV IRU SRLQW LPHSOW H, I RWKSXOWVWH URoOLQJ PHDVXUH

LV VXFK WKDW RQO\ RQH olIWK RI HDFK LQFRPLOX GX®WVH LV PHDVXUHG WKHQ WKH RYI
cycle is effectively reduced by a factor of 5.

In summary, wideband detection offers dynamic range independent of duty afe, but
there is a limit to how narrow the pulsed stimulus can be. Narrowband detectin has no
lower pulse-width limit, but measurement dynamic range is proportioal to duty cycle.
For the pulse widths and repetition frequencies used in many radar applid&ons, the PNA
using narrowband detection offers faster measurement speeds and merdynamic range
than the 8510 using wideband detection.
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In-depth view of wideband detection

7KLV VHFWLRQ FRPSDUHV KRZ WKH DQG 31%$ KDUGZDUH DQG oUPZDUH LPSOHPHQW
ZLGHEDQG GHWHFWLRQ )LJXUH VKRZV D VLPEB@IROHBBQEORFN GLDJUDP RI WKH ,) SRU\
85108 (8510-based) pulsed-RF system. The incoming 20 MHz pulsed-IFgial is mixed

with a 20 MHz local oscillator to produce baseband 1/Q pulses (this technique isalled

synchronous detection). The detection bandwidth is about 1.5 MHz for the Ired Q

outputs, which is equivalent to a 3 MHz pre-detection bandwidth. This bangvidth yields

pulses that have about a 300 ns rise time (1/t). The pulse width must be greater #n

several t's in order for the detector to fully respond to the pulses. Due to the badwidth

RI WKH DQDORJ GHWHFWRU WKH VSHFLOHG PLQDPXKR@XOVH ZLGWK IRU WKH LV X
practice, the pulse width can be pushed down to perhaps 500 ns or so.

risetime (1/0) = 300 ns

— e

Pulsed 1/1Q Pulsed 1/Q fall time = 300 ns

T T It)
I 00

il
|

«— by increasing delay

Pulse profile achieved
J of sample point

Fast ::> A/D
sample/hold converter

X
Broadband, analog Sample delay ﬁ .«

20 MHz IF

synchronous detector | e

(BW 51.5 MHz per side) Pulse trigger

Figure 12. Time-domain view of wideband detection in the 85108 pulsed-R system

After the pulses are detected, a fast sample-and-hold circuit is used prioto the

relatively slow (by today’s standards) analog-to-digital conveter (ADC). Once the pulses are

digitized, magnitude and phase is calculated. The actual sample point cabe programmed

ZLWK DQ\ DUELWUDU\ GHOD\ ZLWK UHVSHFW W R/ K\MKHGCGXODAHYWOKHIHU 7KH XVHU VSHF
WR DFFRPSOLVK SRLQW LQ SXOVH PHDVHYHG HFQWW H33XSOAWH SUWKRHOOLQJ LV DFKL

sample delay from arbitrary start and stop values to cover the duration of the plse.
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Figure 13 is a conceptual block diagram of how the PNA achieves wideband det&on.

6LQFH DOO RI WKH 313%jV ,) SURFHVVLQJ OOWHWIQH DQG GHWHFWLRQ LV GRQH ZLWK '
LQFRPLQJ SXOVHG ,) VLJQDO LV VDPSOHG GLQWFPWQQJIRKHW RQH oOWHUHG WUDFH SR
N+] ,) EDQGZLGWK RI WKH 31%$ oYH GDWD VDPSOHYHAXUH UHTXLUHG PRUH RQ WKLV OD!
requires 30 us of acquisition time (6 us per sample). However, due to the IF settlingnte,

the pulse must be present about 20 us prior to sampling. This yields a minimum psé

width of about 50 us. To achieve this value, the “auto-IF-gain” mode of the PNA

receivers must be turned off, and the IF gain must be set manually. This shouldebdone

empirically — the higher the IF gain, the better the dynamic range of the measwment,

but care should be taken to ensure that the PNA'’s receivers are not in compressi.

70 us trigger delay

20 us settling time

External 30 us acquisitié)lr; time H
pulse
trigger /S( / /S( /S(

7
—

Ml il
Pulsed IF N ‘ —iA ‘

12345

H—J 12345
/
50 us pre-trigger
PNA /A S/

samples

30 us PNA IF filter = 35 kHz 30 us
PNA sample rate = 6 us/sample
Number of samples = 5

8VLQJ WKH 31%
20 us settling + 30 us acquisition = 50 us minimum pulse width (using 35 kHz IF band-
width)

Figure 13. Time-domain view of wideband detection in the PNA

Note that the trigger delay of the PNA (the time between the external pulse tdger and
when the PNA actually takes data) is about 70 us. This means the PNA must be trigge
about 50 us before the pulse modulator is triggered. This 50 us of “pre-trigg€’ plus the
20 us IF settling time gives 70 us.

The PNA-L, a lower-cost version of the PNA, can also perform wideband pulsestection.
The PNA-L has a wider maximum IF bandwidth than the PNA, allowing wideband
detection to work with pulses as narrow as 10 us or 2 us, depending on the model (see
Figure 14). The “auto-IF-gain” mode must also be turned off to improve the IF g#ing
time. Note that, unlike the PNA, the PNA-L cannot use narrowband detection wh
spectral nulling. The next section discusses narrowband detectiorof the PNA in more
detail.
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Maximum Minimum IF auto-gain mode
IF bandwidth | pulse width available?*
FZI(\)I,A:'.:)T,] ggilsS? GHz) 40 kHz 50 us Yes
Z’_\IpAO;tlj gg)f)ilg’lsso GHz) 250 kHz 10 us Yes
FZI-\IpAOI-'tIT g,] igglseHz; 4-port, 20 GHz) | 600 kHz 2us No

1RWH IRU SXOVHG 5) PHDVXUHPHQWY WKH ¢ PHWRHDLQ PRGH VKRXOG EH WXUQH
set IF gains manually)

Figure 14. PNA and PNA-L minimum pulse widths for wideband detection

Figure 15 shows a longer pulse than that shown in Figure 13, illustrating howtte PNA

FDQ SHUIRUP SRLQW LQ SXOVH DQG SXOWHEDRGOG HPMHIDPMMXUR@HQWY XVLQJ ZL

7KH XVHU VSHFLoHV WKH SRVLWLRQ LQ WKH SXWGH ZEHBH GDWD LV DFTXLUHG E\ VHW
the PNA point trigger relative to the RF modulation trigger. The width of the aquisition

ZLQGRZ ZKLFK GHWHUPLQHV WKH UHVROXWIWRROBHWKH SRLQW LQ SXOVH RU SXOV
measurement) is determined by the PNA’s IF bandwidth. Using the 35 kHz

(recommended) IF bandwidth on the PNA, the smallest resolution that can bechieved

using wideband detection is 30 us. As you will see in the next section, narrovand de-

tection and IF gates can provide much higher resolution (20 ns or better).

20 us settling time

WH PNA samples
>t
Point-in-
pulse delay

Modulation PNA point trigger

trigger

Figure 15. Point-in-pulse measurements in the PNA using wideband detgtion
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Figure 16 shows a typical PNA setup for making wideband pulsed-RF measureents.

7KLY FRQo0JXUDWLRQ FDQ EH XVHG IRU SXOVMHQDWR. @ XSXOWIPHDVXUHPHQWY RU IRU SR
PHDVXUHPHQWY ZKHQ WKH SXOVH ZLGWK LVH $OFVYHQWO\ ZLGH ,Q WKLV H[DPSOH W
JHQHUDWRU VHWVY WKH RYHUDOO SXOVH WLPORZV7KH 31%jV WULJJHU PXVW EH VHW DV

Trigger Source = External

Trigger Scope = Channel

Channel Trigger State = Point Sweep
8QGHU ([WHUQDO 7ULJJHU

Input Source = TRIG IN BNC

Level = Positive or Negative Edge

Besides setting the auto-1F-gain to off, the PNA's sweep should be set to sesweep
mode, and the frequency-offset mode should be turned on with an offset of zero B This
ensures the PNA's source will remain phase-locked in the presence of a pidg-RF

reference signal.

External pulse generator
(e.g., 81110A/81111A)

To TRIG IN
(rear panel)
ooooo
BEe=®
Looooo \:M;l@\:l@;lg ©00d Output 1
| P’
Soooo
@ S5
==aaBBggg
SSSS@DDD Qutput
EEEI ==l 2
0 0 1 m
src outl| ™ Cplr Thru —
N Ref In @ -
e A—
f e——
\_l> —
i
[

DUT
External RF modulator
(e.g., Z5623A H81 2-20 GHz)

Figure 16. Typical PNA hardware setup for wideband detection
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Note that the IF gates included in Option H11 are not needed for wideband detetton,
since point-in-pulse measurements are done by adjusting the pulse delg of the trigger
signal to achieve acquisition at the desired point in time, instead of using R or IF gates
as required when using narrowband detection. Wideband measuremetalso do not
require Option HO8, which is the pulse software application used for narneband
detection. For point-in-pulse measurements, which essentially & S-parameter
measurements, the start and stop frequencies must be set up to the proper vakes. For
pulse-topulse measurements, the PNA is set up in CW-time mode. In this case aeh
trace point is a subsequent pulse, and all pulses have the same carrier frequey. The
minimum PRI that the PNA can keep up with without missing pulses depends on weti
PNA or PNA-L is used, and is summarized in Figure 17.

PNA conditions: point sweep,

externaltrigger, CW sweep, Maximum Minimum Maximum
IF auto-gain = off IF bandwidth| PRI PRF
PNA models

(20, 40, 50, 67 GHz) 40 kHz 170 us 5.9 kHz
PNA-L models 250 kHz 80us | 125 kHz
(2-port, 20, 40, 50 GHz)

PNA-L models

(2-port, 6, 13.5 GHz; 4-port, 20 GHz 600 kHz wUle 25 kHz

Trace point

Constant
carrier pulses P

Figure 17. Fastest PRI and PRF values for pulse-to-pulse measurementsing wideband detection

YLIXUH LV DQ H[DPSOH RI SXOVH SUR0OLQJ XSWLQBWLGHEDQG GHWHFWLRQ ZLWK WK
this measurement, the PNA uses the same external trigger setup as descel above,

except the point-sweep mode should be unselected. The external triggesiused to start

the measurement, and then the PNA takes data as fast as it can (see the timing diagm

in Figure 19). There is no need to increment the delay of the trigger as was done hithe

8510. Note that for n-points, the pulse must be longer than n times the PNA’s dai-point

acquisition time. This results in a minimum measurable pulse width that is mch longer

than the minimum pulse width that can be used for point-in-pulse measurenents, where

the pulse must only be longer than one times the PNA's data-acquisition timeglus a bit

H[WUD IRU ,) VHWWOLQJ WLPH JLIXUH VKREZS WRKAOPILQLPXP SXOVH ZLGWK IRU SXO\
measurements versus the number of measurement points for various PNA and\NA-L

models.
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File View Channel Sweep Calibration Trace Scale Marker System  Window Help
Trigger Continuous - Hald I Restart
Log M .00
3l Rl u
20 0004 hooo
0.00 | !
101,00 ! ll
eo.00
0.00 j \\
[-40.00
AT A,
T i
s0.00
70.00
Chi: Start 0o0000 s — Stop 30300 M=
o= |
152.000" s o0 i
[154.00 ‘ H ‘i ‘
[153.00
152.00 H ‘l L /\Vf\ \‘ H
[151.00 i | | i
l150.00 PW =2ms
e T L i
hosso | 1] | Tl PRF=50Hz
e [ nnlnnn ‘ w Stop 30300 Duty cycle =10%
 Start — I .
— — Points = 101
|_status_cri: [521 | C Response LCL IE BW = 35 kHz

JLIXUH 3XOVH SUROOH PHDVXUHPHQWY LQQVKH 31$% XVLQJ ZLGHEDQG GHWHFWLR

Sample\ . Trace point PNA
‘1 ‘ T ‘ T (40 kH2)
t
Acquisition = 4 samples x 6 us/sample = 24 us
Time per point = 24 us
PNA-L*
A A O T
(i +——+—+ H——+ +——+—+ +——+—1 H——+ t
Acquisition = 4 samples x 1 us/sample = 4 us
Timeper point=8 us
PNA-L**
(600 kH2)
t

Acquisition = 47 samples x 25 a/sample = 1.175 us

) i * 2-port, 20, 40,50 GHz
Timeper point= 235 us

*2-port, § 13 5 CHz; 4-port, 20 GHz

JLIXUH 'DWD DFTXLVLWLRQ IRU SXOVH SWRVYORLIQUDMIRXVWHE BQGHVW EDQGZLG
PNA-L models
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10
@
E
= 1
=]
B
g PNA
3 01 —— PNAL*
I —— PNAL*
=]
E
£ o.01
2 {
0.001 A
1 51 101 151 201
Number of points
*PNA-L 2-port, 20, 40, 50 GHz
**PNA-L 2-port, 6, 13.5 GHz; 4-port 20 CHz
JLIXUH OLQLPXP SXOVH ZLGWK IRU SXOVRXS/URIL B QPGhBdEEK UHPHQWYV IRU YDUL

Figure 21 shows the importance of setting the proper trigger-delay value fothe
measurement, to achieve accurate point-in-pulse measurements. \Wen the PNA’s data
acquisition is not properly positioned within the pulse, you see either pte noise, or a
noisy response that is smaller than the true response. The correct triggedelay setting is
generally derived empirically. The trigger delay can be set using the PN#trigger-delay
feature, or via the pulse generator’s timing. Note that most pulse genertors have more
timing resolution for the delay setting than can be achieved using the PNA'trigger-
delay feature.

[Efe View Chennel Sneep Calbraton Trace Scale Matker System window Help ]

Math / Mem DacssMem | DalafMem| — Data | bem Ofoff|
000 " ammm [ [ [ il
000 CW response__|
o " PRF = 4 kHz
o / URENE] \ Width = 50 us
Lioos A1 7 PNA IF BW = 35 kHz
. /W \ \i Note:
f( {)ﬂ The lower traces have
&0 .00 _/\—‘_’k X
M r\ I a narrower span and a
000 ﬂ VW"A“ Awhvf'vl\vnu 1 f\vilu Ml\vhvﬁ'“ YJ’ULVI\VM\‘ ‘A‘f\vflf\vn ! v{mf't | | more sensitive scale
T than the upper traces.
ta0.00 1 IV il
laoo _ Pulse response WIth
o improper delay settings
Chl: Start 843000 GHz — ‘ ‘ ‘ ‘ Stop 108300 GHe
Ch2: Stat 100966 GHe — Stop 103812 GHz
I Status  CH 1: |521 &EMem C 2P sOLT LCL

Figure 21. Example traces showing proper and improper trigger-delayettings for wideband
detection
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In-depth view of narrowband detection

This section focuses exclusively on the PNA and its unique “spectral nulli technique
for narrowband detection. Spectral nulling allows the use of wider bandvidths,
improving measurement speed (typically by a factor of 10 or more).

To understand how the spectral nulling works with narrowband detectia, the pulsed-RF

signal with a 1.7 kHz PRF shown in Figure 22 will be used as an example. Figure 23

shows a “zoomed-in” view around the central spectral component, which islsown in the

kl[HURy RU FHQWHU SRVLWLRQ RI WKH 0JXUH RUBFELWKE BROVHG 5) VLIQDO KDV EHHC
the carrier frequency in this example. Due to the 1.7 kHz PRF, you expect to seeextral

FRPSRQHQWY RQ HLWKHU VLGH RI WKH FDUULHDPMWQWQWHUYDOV RI N+] 2QO\ WKH ¢
VSHFWUDO FRPSRQHQWY DUH VKRZQ LQ WKH o PWWDUGKHUH DUH WKRXVDQGV RI RWKH.L
FRPSRQHQWY SUHVHQW WKDW DUH EH\RQG WKH VFDOH RI WKH 0JXUH

PRF = 1.7 kHz = 1

. Pulsewidth = 7 us [ — ~143K
Duty cycle = 1.26 Frstnull = YW = 47 u9) = 143 kiiz

05 1

Figure 22. Pulsed-RF spectrum of narrowband measurement example

1 T T = S T T

08 Desired frequency B
T component
LERS b
A Y

07 - y / 3dB N
e bractical i : bandwidth ',

o ractical filters N ) ) :

24 ) First spectral sideband
oS %\ at1.7kHz (= PRF y
r A/ Ideal filter ]
03 i
02H i
/" Higher-selectivity ) =l

Qi = /" (smaller shape factor) Tlte oA
-QDEIEIEI -WSIEIEI = -1EIIEIEI -SE‘IEI o EE‘IEI WEIIEIEI = 15IEIEI 2000

YLIXUH $ JRRPHG LQ YLHZ RI WKH H[DPSOH SXONFHW.SHONWUXWHMKREVGRQEHIO DQG S
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, I \RX FRXOG EXLOG DQ LGHDO oOWHU WR VHOBOMHWRHADRHQWUDO VSHFWUDO FRPSRQF
HYHU\WKLQJ HOVH LW ZRXOG ORRN OLNH D EBIGWOQYHIH FHQWHUHG DW JHUR +] $ SUL
however requires a transition region between the passband and stopbandlypically, the
VWRSEDQG PXVW EH DWWHQXDWHG E\ G% RUPRUH WR oOWHU RXW XQGHVLUHG VSHI
FRPSRQHQWY DQG DFKLHYH VXIoFLHQW PHDWWWRBQWWEHDPLF UDQJH 7KLV PHD

G% EDQGZLGWK RI WKH oOWHU PXVW EH VRPH IUDFWLRQ RI WKH 35) 7KH YDOXH RI W
GHSHQGYVY RQ WKH VHOHFWLYLW\ RI WKH otDGVNBVY VKO SMHORWWUY LW\ LV RIWHQ H[SUHV\
which is the ratio of the 60 dB bandwidth divided by the 3 dB bandwidth. The smaller
WKH VKDSH IDFWRU WKH IDVWHU WKH oOWHWK WKO®DOW HFDIQ PG WKH ZLGHU WKH ,) EDQ
XVHG IRU QDUURZEDQG GHWHFWLRQ 7KH 0JXUH VKRENUNKDW IRU D JLYHQ G% EDQG:
with different shape factors will roll off at different rates.

1DUURZEDQG GHWHFWLRQ FDQ EH DFFRPSOLO/WHGOLUWRNU ZLWK DQDORJ RU GLJLWDO
VKRZQ LQ )LJXUH 7R DFFRPPRGDWH D ZLGH UDMQHUHWDGBH)Y YDULDEOH EDQGZLGWK ¢
very desirable to optimize measurement speed. The classic way to implemean analog,

YDULDEOH EDQGZLGWK ,) oOWHU LV E\ XVUQJ7TWKHHKNMDQURAKRRQRXVO\ WXQHG WRSROR
WKH oOWHU LV D SDUDOOHO /& LQGXFWRDFOIDVHWRY UHVRQDWRU GULYHQ E\ D YDU
resistance, usually achieved with a PIN diode. As the series resistancgincreased, the

EDQGZLGWK RI WKH oOWHU VHFWLRQ JHWVHWR@®DWEBHUW WBOOQHFDOWHQDWLQJ PXOWLSOH U
LQFUHDVHYVY WKH VHOHFWLYLW\ RI WKH oOWHU

Classic analog variable-bandwidth bandpass filter

> -k — — R

Digital filtering: digital-signal processing after
analog-to-digital conversion

Anti-alias  ADC Digital-signal
filter processng

JLIXUH $QDORJ YHUVXV GLJLWDO oOWHULQJ

9DULDEOH EDQGZLGWK GLJLWDO oOWHUVRMNWPH G POQW KW D@ '63 DOJRULWKPV SHUI
DQDORJ WR GLJLWDO FRQYHUVLRQ RFFXUWD&EHOMBUWYW WZR EDVLF W\SHV RI GLJ
0QLWH LPSXOVH UHVSRQVH ),5 DQG LQHHQWRHHRIOFSIHBGIVHRU AMKSRQMHVH ,,5 7K

WZR oOWHUV GLIIHU DQG HDFK KDV WKHLU DGYD@WHOIDHMGDQG GLVDGYDQWDJHV 7KH I
VHOHFWLYLW\ VKDSH IDFWRU RI GLILWD/ORGSRWRUYV QXPEFHROQMUROOHG E\ WKH oOWH
delay elements, and weighting factors.

6R KRZ ZLGH D oOWHU FDQ WKH 31% XVH WR VXMFIHRQ/IXRO\ SHUIRUP QDUURZEDQG GH
DQVZHU WKDW TXHVWLRQ \RX QHHG WR XQGHUD/AVDQ®WHUWWOH PRUH KRZ WKH 318$j\
work.
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7KH 31%jV ,) oOWHUYVY DUH LPSOHPHQWHG DV ),5 6OWHUV )LJIJXUH VKRZV DQ H[DPSOH
WRSRORJ\ 7KH QXPEHU RI oOWHU VHFWLRQV RYU WWHWDSVy 0 LV YDULDEOH GHSHQGLQ
EDQGZLGWK 7KH QDUURZHU WKH EDQGZLGWKWWKH ODUJHU WKH UHTXLUHG QXPEHU R
sections. M is also the minimum number of ADC samples required to produce one trace

SRLQW $V WKH oOWHU EDQGZLGWK QDUURZYI PRWHRYDHPBOHYVY DUH UHTXLUHG UHVXOYV
measurement times. The table in Figure 25 shows M (the number of sections andeh

QXPEHU RI VDPSOHY UHTXLUHG IRU HDFK RI WYH2XQIBHY VWDQGDUG ,) oOWHU EDQGZLG
enough samples are taken to produce a trace point, the analyzer steps to the nextqgint,

which would be a new carrier frequency for point-in-pulse measurementsor a new delay

YDOXH IRU SXOVH SUR0oOLQJ 7KH WDS ZHRIQWWRQJWKBOWKBDEHRHIOFLHQWY K Q F
IDFWRU RU VHOHFWLYLW\ RI WKH oOWHU ,QJRUGHRKQY/IRTXPPISOHPHQW WKH kVSHFWUDO
LW ZLOO EH QHFHVVDU\ WR FUHDWH QRQ VWDWQW®WERD® RDNOFXVWRP ,) oOWHUV ZLWK 0Y
between those listed in the table.

Incoming

l ] I sampled sigral
t
/ Unit delay

Kn;T‘ zt }—ﬁ z! }—ﬁ zt }—,7
h@»% hw)~(x) h(z)f h3)~(x) h‘““*’@ hM-17~(X)  sample
A\ decimator
n B At e € o CO S [T V()
/

Example FIR topology y
BW M [BW M [BW M /
40k 4 |15k 101 |30 4800 s
35k 5 |1k 149 |20 7200 ¢
30k 6 |700 211 |15 9480 .
20k 8 |[500 292 |10 14,280 Complex filtered
15k 16 |300 480 | 7 19,560 output (e.g., S21)

10k 19 (200 720 | 5 28,680
7k 25 |150 960 | 3 47,760
5k 34 |100 1440 | 2 71,640
3k 53 |70 2040 |1.5 95,520
2k 77 |50 2880 | 1 143,280

Standard PNA IF filtes

JLIXUH JLQLWH LPSXOVH UHVSRQVH ),5 oOWHU EDVLFV
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1RZ WKDW \RX NQRZ PRUH DERXW WKH GLIJLWDO oHWWULYLVWQ\WKH 31% \RX FDQ ORRN D

JLIXUH VKRZV WZR RI WKH 31%jV VWDQGDUG oHWHUWKDWWKH IUHTXHQF\ GRPDLQ ,W

WKHVH DUH QRW LGHDO UHFWDQJXODU oOWHUYV +7R\HR +] oOOWHU RQ WKH OHIW UHTXL

DFKLHYH VWRSEDQG DWWHQXDWLRQ RI G% OWLINYHI WEKIHFWOWOBU ZLWKRXW DQ\ kWULF!I

nulling) means the PRF must be 50 kHz or greater to ensure that the unwanted spé@l

FRPSRQHQWY DUH VXIoOFLHQWO\ oOWHUHG ,Q WKRVNWIBONH WKH ,) EDQGZLGWK ZRXOG I

35) 7KH VKDSH IDFWRU RI WKH +] oOWHU LV QBRPIFHWUHG WR D WA\SLFDO VSHFWUX

GLIJLWDO oOWHU VKDSH IDFWRU RI DERXW )RR BVHKH N+] oOWHU WKH 35) ZRXOG KD

JUHDWHU WKDQ 0+] WR HQVXUH WKDW WKH X{QEDHQWH®G\ VSHFWUDO FRPSRQHQWYV DU

OOWHUHG ,Q WKLV FDVH WKH ,) EDQGZLGWK ZRXO @/ KH Rl WKH 35) 7KH VKDSH IDF
N+] oOWHU LV ZKLFK LV EHWWHU WKDQ WKHYH WKO@QWHU EXW LV VWLOO IDU OHV'

WKH oOWHUV RQ D VSHFWUXP DQDO\]JHU 6R WRMWIVRMIDXGDUG ,) oOWHUV LI XVHG LQ D

manner, are not particularly well suited for narrowband pulse detectio, as the IF bandwidths

must be very narrow compared to the PRF (typically between 1% and 0.1% of the

35) UHVXOWLQJ LQ VORZ PHDVXUHPHQW V]HZ $RAL Y IHOBIG Vo DYWLV DUH QRW RSWLPL

DV DUH VSHFWUXP DQDO\]HU oOWHUYV E HBRMWXKW HWMIRKH 6OS\DHUD PV WHU PHDVXUHP

always exactly tuned to the incoming signal, or stated another way, the IF ghal always

IDOOV LQ WKH FHQWHU RI WKH oOWHU :LWWWWHHANH®J oOWHUV JRRG VHOHFWLYLW\

,QVWHDG 91% oOWHUY DUH RSWLPL]JHG IRU VZHHS VSHHG DQG ORZ QRLVH EDQGZLGWHK

[ 7% Vow Cherst vy Cabgon o Scde et Seien Wodou

Smeep Senp Foridth [100H: 5] [(Tane
75 dB 75 dB
"
eaparae Stan 493950 MHz — Stop 500,050 bk
Staus CH1: [A o Cor weispee5 o
a) b)
JLIXUH 31%$ ,) oOWHU VKDSHV D +] oOOWHU ZLWK NN+OOWBQ ZBKDISH 0BFWRU E

span. Shape factor = 67
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Using spectral nulling for wider IF bandwidths

%XW ZDLW 7KH VWRU\ GRHVQjW HQG KHUH AMHUW DQUMWBMWWULEXWHY RI WKH GLJLWD (
31$ WKDW DOORZ \RX WR LPSURYH RXU PHDVXUWRRIDOWDVYSHHG VLIQLOoFDQWO\ )LJXUH

W\SLFDO QDUURZEDQG oOWHU RQ WKH 318% +] W UVKILYV FDVH , \RX ORRN QHDU WK
WKH oOWHU UHVSRQVH RQ WKH OLQHDU PDIQUWXEKN MDUWDHWHHYRX. QLOO0 QRWLFH VRPHW
There appear to be nulls in the frequency response at periodic intervals. oy display

WKH oOWHU UHVSRQVH ZLWK D ORJ PDJQLWXGHFIRHUIPDOW WKH IUHTXHQF\ QXOOV DUH T
seen. The frequency interval between nulls is directly proportional tohte IF bandwidth,

ZKLFK LQ WXUQ LV LQYHUVHO\ SURSRUWLRQDO® WBWHKH @QXPEHU RI VHFWLRQV RI WKH
1RWH WKDW WKH SHDNV RI WKH oOWHU UHVSRI®\BH FDXRXVWKH SRRU VHOHFWLYLW\ VH
0JXUH )LJXUH VKRZVY KRZ WR WDNH DGYDQWDJH RI WKHVH QXOOV

Frequency nulls exist
at regular spacing
(determined by M)

lin mag\i
log mag\;/,

Apparent lter

e / selectivity

JLIXUH &ORVH LQ YLHZ RI WKH +] 31%$ ,) oOWHU

X =

Pulsedspectrum Digital Iter Filteredoutput
(with nulls aligned with PRF)

Figure 28. Filtered output using spectral nulling
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, ] WKH QXPEHU Rl oOWHU VHFWLRQV FDQ EH FKAUMQ VXFK WKDW WKH oOWHU|jV IUHTXF
HI[DFWO\ DOLJQ ZLWK WKH 35) WKHQ WKH XYGHW W HEHE §XRWHHUGEH ETSHFWUDO FRPSRQHQV
away, leaving the desired center spectral component. PNA Option HO8 ales these

FXVWRP ,) oOWHUVY WR EH FUHDWHG ,QVWHDG RI WEHAHVWDQGDUG oOoOWwW
\RX FDQ FRQVWUXFW ,) oOWHUVY ZLWK DUELWUDUGEDGWXLGWKY OLNH +] RU +] 7K
RI WKHVH oOWHUV PXVW EH FKRVHQ EDVHG RQ MXH 35WKWR HQVXUH SURSHU VSHFWUL
this technique, the IF bandwidth can be much higher compared to the conventinal

OOWHULQJ VKRZQ SUHYLRXVO\ UHVXOWLRG L@@ RUIXKF WMVHHWUIPIADVXUHPHQW VSH

really wide bandwidth is desired, the PRF of the pulses may need to be adjustedightly

to ensure proper nulling. If the PRF cannot be adjusted, then the IF chosen will besa

narrow as necessary to achieve proper spectral nulling.

JLIXUH VKRZV WKH +] oOWHU RI )LIJXUH VXSHULPSRVHG RQ D N+] 35) SXOVH
VWUHDP ,Q WKLV FDVH WKH 31%$ LV DFWXDOO\ XKYUBYHQYWY\ WKLUG QXOO RI WKH oOWt
an IF bandwidth that is 29% of the PRF, instead of the 0.1 % to 1% required with

FRQYHQWLRQDO oOWHULQJ

Response of 500 Hz digital IF filter and 1.7 kHz pulsed spectrum

. i

AARAS ERSARANE
g .| | [
Nu 1
érizu v

-140

-160

-180

-200

| Py o ) tenedieneeyomonan

J)LIXUH =RRPHG LQ YLHZ RI VSHFWUDO QXOOLQJ ZLWK +] OOWHU 35) N+]

If you chose a narrower bandwidth to improve measurement dynamic range (abe
expense of measurement speed), the spectral components would skip moreufis. In this
way, you can trade off dynamic range and measurement speed by varying the IF bdwidth.
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JLIXUH VKRZV ZKDW WKH QXOOLQJ ORRNV OLMNHNKKHEH\QD\RX QDUURZ WKH ,) oOWHU ED!
IDFWRU RI WR +] 7KLV H[DPSOH XVHV HYHUYHQWWK QXOO RI WKH oOWHU ZKLFK 1

an IF bandwidth that is about 9.9% of PRF, instead of the 0.1% to 1% required with
FRQYHQWLRQDO oOWHULQJ 1DUURZLQJ WKE8\QOWHE UDQWKLEA PDQQHU LQFUHDVHV WK

about 5 dB (10*log [3]).

Response of 166 Hz digital IF filter and 1.7 kHz pulsed spectrum
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JLIXUH =RRPHG LQ YLHZ RI VSHFWUDO QXOOLQJ ZLWK +] oOOWHU 35) N +]

Figure 31 illustrates the speed differences between two traces that bdt use narrowband

GHWHFWLRQ 2QH WUDFH XVHV WKH 318$jV ,) oHWRIWKHW D FRQYHQWLRQDO PDQQHU D
WUDFH XWLOL]JHV WKH VSHFWUDO QXOOLQ@L®WEKKYLWRR O DWMKH VWDQGDUG oOWHU ED
then large amounts of trace noise can be seen, as shown in the two left-hand plat The

right-hand plot shows that when both traces have approximately the sameitace noise,

spectral nulling results in a 14-fold improvement in measurement speed ompared to

XVLQJ FRQYHQWLRQDO oOWHULQJ

PRF = 2.349 kHz
PW =10 us (2.4% duty cycle)

-
-

With spectral nulling:

IF BW =415 Hz, sweep time =1
Without spectral nulling:

IF BW = 30 Hz, sweep time = 14 :

YLIXUH ) EDQGZLGWK FRPSDULVRQ FRIGYWLDWLEROOLQIWHULQJ YHUVXV VS
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Figure 32 demonstrates that decreasing the IF bandwidth of point-in-pulse measurements
using narrowband detection results in more measurement dynamic rang (and slower
sweep times), as occurs during normal S-parameter measurements.

IF bandwidth = 984 Hz
sweep=05s

\ IF bandwidth = 95 F
sweep=3.3s

D noise= 10*10g(984/95) = 10.2 dB

Figure 32. Dynamic-range comparison of two bandwidths using narrowand detection

The algorithm that PNA Option HO8 uses to null unwanted spectral componentslao
QXOO0OV )LJIXUH RWKHU VRXUFHV RI LQWHUIHULQJ VLJQDOV VXFK DV
— Aliased spectral components — for narrow pulses with broad frequencyantent, the
XQOOWHUHG SXOVHG VLJQDO FDQ ZUDS DURXIQGHWKBIQ®& SRLQW LQ WKH DQDO\]JHUjV
fold back on top of itself. Although the spacing of these folded signals is theame as
the unaliased spectral components, the aliased components are unlikglto fall exactly
on top of the unaliased components. They will appear as a new set of pulsed
components that are offset in frequency from the unaliased spectrum.
— Baseband leakage — often in pulsed-RF systems, the baseband modulatirsignal leaks
onto the pulsed-RF signal, causing another set of spectral lines that, in gneral, do not
align with the main pulsed-RF spectrum. This leakage signal is often calté“video
feed-through”, an old term dating back to the early days of radar.
— Images — because of the two conversions used in the PNA to down-convert the
incoming RF to an IF signal, image frequencies exist where the receivers haan
undesirable response.

Aliased spectral Main spectral

) components components
Video P P

feedthrough

| /
i "|.|||HH||||.|||||||||||

Figure 33. Elimination of additional interfering signals

freq
DC
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$00 RI WKHVH DGGLWLRQDO VLJQDOV DUH @XQUmBIZHG WK WHHFWLQJ D QDUURZHU ,) oOW
ZKDW ZRXOG EH QHHGHG WR QXOO MXVW WKH PDMWHBEXKODMHG 5) VSHFWUXP 7KH QDUUR
more nulls that are more closely spaced in frequency, and these nulls can be esl to cancel

multiple sets of offset spectral components.

Spectral nulling can also be done without Option H08, by using one of the PNA'standard

,) oOOWHUV 7KH VSDFLQJ EHWZHHQ QXOOV FDQ EHPHmEOFXODWHG DV > WDSV q [V
However, the PRF must be exactly set to a multiple of the null spacings of the sed¢ed IF

oOWHU 7KLV OLPLWY WKH pH[LELOLW\ RI KDYLQD BBWHWHOMNWI\ 35)V DQG LQ PDQ\ FDVH
PHDVXULQJ DW D 35) VSHFLoHG E\ D VI\VWHP GAVLJQHU RU UHVXOW LQ H[FHVVLYHO\ V
PHDVXUHPHQW VSHHG ,Q DGGLWLRQ LW ZRXO®EGEHWHWHGGLIOFXOW WR QXO0O RXW DOC
VSHFWUDO FRPSRQHQWYV VKRZQ LQ WKH SUHYKRXAMUHDWIHR @@VLQJ 2SWLRQ + DOORZV )\
Rl kFXVWRPy ,) EDQGZLGWK oOWHUV ZKLFKLSHW. G EBWWKHILOHHMHFWLRQ RI XQGHV

\LHOGLQJ IXO0O 35) pH[LELOLW\ UHGXFL@PLWUDBRHHQRLVH DQG LQFUHDVLQJ G\QD

Figure 34 shows a picture of narrowband detection on the PNA, in the time domai The
bottom image shows the actual down-conversion chain in the PNA. The IF gate stehes,
ZKLFK DUH XVHG IRU SRLQW LQ SXOVH DQR BKXKOWHLFWRWEKHQGPWDVXUHPHQWYV W

DFTXLVLWLRQ WR D VSHFLoF UHJLRQ ZLWKLQ WKH) SOOWKI DUH SODFHG LQ WKH 0+]
The minimum pulse width that can be applied to these gates is 20 ns. A second
GRZQFRQYHUVLRQ VWDJH IROORZV SURG X F LICQIVWIOHV 5i@DIOV ,) R N+] $Q DQWL DO

placed just in front of the ADC. The top waveform shows the incoming pulses, i a 1 us
PW after gating, and a PRP of 100 us (1% duty cycle).

0us 100 us — «— gate width = 1 us

Incoming | — =:: —— point-in-pulse
pulsed signal t

Actual voltage /\m\ N )
| VN [ S = | I WS | t
Waveform at ADC \/\ L e A T T \\/\ L T B I B |

oo LI

HH\HJH\HH\HHHHHH\HHHH\H
+—6us

41.7 kHz

PNA IF filter = 500 Hz
Gated pulse width = 1 us
Pulse period = 100 us
Duty cycle = 1% (with gating)
: PNA sample rate = 6 us/sample
Anti-alias  ADC  Digital FIR Number of samples = 292
filter IF filter # of pulses required =

8.33 MHz

o (292 samples * 6 us/sample)/(pulse period)
*.. Used for point-in-pulse = 17.52 pulses
I*converter ' converter and pulse profiling (round to 17 because 18th pulse not triggere

Figure 34. PNA narrowband detection in the time domain

The middle waveform is the actual voltage waveform at the input to the ADC, and it

VKRZV WKH SXOVHV VSUHDG RXW E\ WKH DQWL DOHNVDUHWHU ,Q WKLV H[DPSOH ZKHUI
relatively narrow, this waveform represents the impulse response of 88PNA'’s receiver.

The lower waveform shows the sampling process, which occurs continuolys and is

asynchronous to the incoming pulses. You can easily see that for small duty ches, the

impulse response falls into the noise before the next pulse appears. In this ea, the ADC

samples a lot of noise in-between pulses, which lowers the signal-to-nase ratio and

decreases dynamic range. As the time between pulses is increased, more ise is

sampled, further lowering the dynamic range.
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&RQWLQXLQJ ZLWK RXU H[DPSOH RI D +] oOWHU H VDPSOHV DUH UHTXLUHG WR SU]I
S-parameter trace point. At 6 us per sample, this takes 1.75 ms. With our PRP of 100su

we see that 17 pulses occur for each trace point that we acquire. Under normal

conditions, the magnitude and phase of the pulses (at a given carrier frequay) are time

invariant, so we get consistent and repeatable results. If the pulse resmse changes

during the course of a measurement at a particular carrier frequency, then té resulting

trace point represents the average pulse response over the number of pulsessed for

that trace point. The number of pulses required for a single trace point varies@ording

to the PRF and the IF bandwidth. Because multiple pulses occur for each tracegint,

narrowband point-in-pulse measurements require a hardware gate befre the ADC.

Figure 35 shows that decreased dynamic range with decreased duty cycle carasily be

observed on the network analyzer by measuring a device with high dynamic nge, a

KLIJKSDVV oOWHU LQ WKLV H[DPSOH $OWKRXQKGHOVEXOVH&®H QRW QRUPDOO\ PHDVXUH
conditions, they do serve as useful DUTs to demonstrate pulse de-sengttion effects.

Pulse width = 3s (DC = 5.1%)

Pulse width = 1s (DC = 1.7%)

Pulse width = 100 n
(DC =0.17%)

Pulse width = 100 ns ( )
e

Dynamic range improv
with averaging (101 avgs)

YLIXUH "XW\ F\FOH YHUVXV G\QDPLF UD @JHDQ/G @JKQD K SRAE/D QEBWEHHIW H F W L

In each plot, we compare a pulsed S-parameter (noisier trace) with a normal, s@ptsinusoid

S-parameter (cleaner trace). The top plot shows that with a 5% duty cycle, wean still

PHDVXUH WKH oOWHU VWRSEDQG WR DERXW q W% ZLWK UHDVRQDEOH DFFXUDF\ 7KH
plot down (second from top), shows the effect of decreasing the duty cycle by aafctor

of three, resulting in a decrease in dynamic range of about 10 dB, and a rather noisy

PHDVXUHPHQW RI WKH oOWHUjV VWRSEDQG 7KMWRPW SORW GRZQ VHFRQG IURP WKH
shows that with another decrease in duty cycle (a factor of 10 this time), the angzer’s

QRLVH pRRU KDV LQFUHDVHG E\ G% DQG LV QRU DERYH WKH oOWHU VWRSEDQG DOO
Note that the PW is 100 ns in this example. The lowest plot shows that we can improve

dynamic range by averaging. 100 averages results in a 20 dB improvement in dynaeni

range, so the measurement shows about the same dynamic range as the plot send

from the top. For all of these examples, a unique calibration was performed forazch set

of pulse conditions.
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7\SLFDO VHWXS IRU IRUZDUG SXOVHG 5) DPSOLoHU PHDVXUHPHQV

Figure 36 shows a typical PNA setup for making narrowband pulsed-RF measments in

WKH IRUZDUG GLUHFWLRQ RQO\ ZKLFK RIWHOW. V7BEE HWRBWH.V UHTXLUHG IRU DPSOLC
HIWHUQDO WHVW VHW LV QRW MXVW DQ 5) PRGXWDIMWKRIU ,W DOVR LQFOXGHY DQ DPSOL
power of test port 1. Higher test-port power is often needed for radar componets like

transmit/receive (T/R) modules. The directional coupler is used to preide a reference

vVLIQDO DIWHU WKH ERRVWHU DPSOLoHU VR DQR HKH W RI WKH ERRVWHU DPS LV UHPF
measurement by ratioing. The test set is connected to the PNA via the front-pael RF

jumpers provided by Option 014. For other applications, a simpler test set atsisting

solely of one or two RF modulators (switches) could also be used.

81110A family pulse generators

GPIB One output channel
ooooo H
0= © m drives RF modulator
M| oooooo 0en $e§6 - |
C ] &= 5’% 3 :' f Three output channels drive internal re
Looooo E%go&a% - Trigger gates A, B, and R1/R2 for point-in-puls
o |~ pulse-pro le measurements
SS588 J / -
==
10 MHzRef|__| @ses
888
a o0 1 m
Src Out o=
—|| PNA
Ref In|

\_D |:|J
! — Option HO8

VB application and DLL

Z5623A H81 pulsed-RF test set

Figure 36. Typical PNA hardware setup for narrowband detection

The pulse generators, each with two output modules, provide the pulse tinmg to control

the modulator and the PNA'’s internal receiver gates, which are used for potrin-pulse

DQG SXOVH SURoOH PHDVXUHPHQWY 7\SHBED RQH IHRXRK SROVWMKRIXWSXWV DUH XV
RF modulator, A-receiver gate and B-receiver gate, plus one for the two refence-receiver

gates, which can be tied together using a BNC tee. More complicated systems mit

require more pulse output modules. The pulse generators are controlled &iGPIB, and

the master pulse generator must be locked to the PNA's 10 MHz timebase. The send

(slave) pulse generator is synchronized via a front-panel trigger sigal. The overall

system (PNA and pulse generators) is controlled by the PNA Pulsed Appligan software

(Option HO8).
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Figure 37 shows all of the PNA hardware options associated with a typical neswband
SXOVHG 5) VHWXS

- g &RQo0JXUDEOH WHVW VHW

— UNL - Source attenuators

— 080 - Frequency-offset mode

— 081 — Reference switch

— H11 - IF access

— 016 — Receiver attenuators (optional)

Aux RF out Aux LO out
(2-20 GHz) (2-20 GHz)

Rear ~ peeeemmeemeeeeeeeeeeeeeeeoos YIG source : Option H11

Multipliers (1, 2)i [F—=
8.33 MHz [l XK
reference h !

*Option H11 notes:
—IF-gate controls and

X

external IF inputs are

accessed on rear panel Offsetreceiver 7 Multipliers (1, 2, 4) LO
—IF gates are enabled | .

with Option HO8 H / Option UNL
—External IF input : OffsetLO ®/ o i [2rd]

frequency is 8.33 MHzL _______________. - =

Lk;_. [ [Ro G ST Rpl  Qpton
' o> o<ed!

Option 081 External IF in—e o— Extemal IFin 1 T

— External IF in

o2 B WX

Front

-— - Option 014 1 —

M Test port 1 Test port om
Figure 37. Typical PNA hardware options for narrowband detection

2SWLRQ + DGGV WKH ,) JDWLQJ VZLWFKHV XOWHHYVSYDROODRU SRLQW LQ SXOVH DQG S
PHDVXUHPHQWY )RU D 31% FRQOJXUHG ZLWK 2SWILR@DBOyY2SWLRQ LV WKH RQO\ kRS
option — all of the other options are required. Note that although the PNA uses

dualconversion receivers, only one conversion is shown for simplicity.g@ion H11 also adds

external IF inputs and auxiliary RF and LO outputs. This additional hardweis necessary

for antenna and mm-wave applications.

The IF gates supplied with Option H11 can only be used with Option HO8. Option Hi0also

includes the proprietary algorithms that implement the spectral nullhg technique used

with narrowband detection. In addition, Option HO8 controls the pulse gaerator(s) used in

WKH V\VWHP DQG SHUIRUPV SXOVH SUR0OOH PHDVXUHPHQWYV
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Pulling it all together with Option HO8

Option HO8 comes with two software components. One is a dynamic-link librar (DLL)
which acts as a “sub-routine”, and is needed for manual and automated envinments.
The second portion is a Visual Basic (VB) application that runs on the PNA. FhVB
application is used for stand-alone, bench-top use. It interacts with he DLL and sends
appropriate commands to the PNA and the pulse generator(s). The VB appétion is
assigned to one of the PNA’'s macro keys for easy access.

Figure 38 shows how Option HO8 operates in the “software domain”. In stand{ane
operation (indicated by the solid arrows), the VB application interats with the DLL to get
the necessary spectral-nulling parameters. The VB application the sends these values
to the PNA. The application also controls the pulse generators. The VB apphtion does
not have an application-programming interface (API), so in a remote enk@nment where
the user has their own software to control the pulse measurements, the usercftware
cannot interact directly with the VB application. Instead, the user’s safware must call
the DLL, and the returned values must then be sent to the PNA. The software mustsd
directly program the pulse generators. Remote operation is indicatd by the dashed
arrows.

PNA+ pulsegenerators User software

< Option HO8 VBsyntax

Pulsed. Con gNarrowBand
(PRF, NumTaps, BW, O Set,
SampleRate, Precision)

Dynamic Link Library (.dll)

) L (contains algorithms for spectral nulling)
Keysight pulse application

(manual use only — no API available)

Figure 38. Option HO8 in the “software domain”
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KLOH WKH + DSSOLFDWLRQ VXSSRUWYV PDMQXWR $RONHKBWRoAMWJI ZLWK WKH DELOL
GRHVY QRW VXSSRUW UHPRWH VRIWZDUWH FIR@ WD RIOM\HEH B XKERPASOURNEKMHIAI 7KL
however with a small amount of program code (Figure 39). Basically, the day of

the pulse generator output(s) that controls the IF gate(s) for the signal oparameter you
ZLVK WR SURoOH LV DUH VWHSSHG LQ GHOD\SsD6URYDV BVMUHGHWHUPLQHG VWDUW DQG

each delay, the PNA is triggered via software to make a single receiver or ratd receiver

(S-parameter) measurement. This is done in a loop. Keysight includes adtial Basic
SURJUDPPLQJ H[DPSOH LQ WKH + GRFXPHQWDX\WL\RH) I WR GAHPRQVWUDWH DXWRPDWHG

measurements.

— Set carrier to a CW signal

— Increment delay of pulse generator(s)
in a loop, for appropriate receiver(s)

— Trigger PNA (via software) to measure
S-parameters at each delay setting

— After loops completes, read final trace data

Excerpt from VB programming example:

For i = 0 To LNumPoints
OGPIB.ibwrt IPg, ":SOUR:PULS:DEL" & CStr(IOutput) & " " &
CStr(H2oEdit_start.Value + H20Edit_step.Value * i) & Chr$(10)

OGPIB.ibwrt IPg, "*OPC?" & Chr$(10)
OGPIB.ibrd IPg, SOPC
OApp.ManualTrigger True
pgb_meas.Value =i

Next

JLIXUH 3XOVH SUR0OLQJ ZLWK XVHU VRIWZDUH

Most narrowband pulse applications for the PNA will require a combinatio of Option H11

and Option HO8. For cost-sensitive applications, a PNA without either gtion can be used,

ZLWK OLPLWHG pH[LELOLW\ DQG SHUKDSVGLQVFUHDL\FHGDW UMW FH QRLVH DQG GHJUDGH
due to sub-optimal spectral nulling. Option HO8 can be used without H11 if aveage pulse

PHDVXUHPHQWY DUH VXIOoFLHQW L H OQORRRLOW WM SYEDUHPHDVXUHPHQWYV
VZLWFKHVY DUH XVHG LQ SODFH RI WKH LQWQRQ®E GO VHVIALRMFXHY IRU SRLQW LQ SXOVH

measurements.

1RWH 2SWLRQ + XVHV WKH IUHTXHQF\ RIIWHW R S3W & RUIH PZBLVDLVR K D V HAORR FINDW & U
with a pulsed reference signal. However, the frequency-offset valuesinot always zero Hz — sometimes, the ap-

plication uses a frequency offset of 1.389 kHz to compensate for an interdalata-acquisition sampling-frequen-

cy shift. When this occurs and you try to set the PNA to its maximum stop frequencyn error will occur that

says “Response frequencies exceed instrument range”. To prevent thfrom occurring, set the stop frequency

to a value that is at least 2 kHz less than the maximum allowed. For example, on a 20 GHAR, set the stop

frequency to 19.999998 GHz or less.
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ORUH &RQ0JXUDWLRQ &KRLFHYV
Hardware setups

Up to now, this application note has focused on two typical hardware setupsone each

IRU ZLGHEDQG DQG QDUURZEDQG GHWHFWLRQ +R&HXYUHG WKH 31%$ DQG 31$%$ / FDQ EH F
in other ways for other pulsed-RF applications. The following exampkillustrate the

pH[LELOLW\ RI WKH 31%$ DQG 31%$ / SODWIRUPV HHRWRPWWDIWA®RPH VLIQDO OLQHV KDYH
for clarity, such as 10 MHz references, pulse-generator-to-pulsegenerator triggers,

and GPIB connections. Also, more pulse generators than shown can be utiéid for

LQFUHDVHG pH[LELOLW\ RI WULJJHULQJ WKEG)GRHIWHFIWLWVRIYY ZKHQ XVLQJ QDUURZED
Figure 40 shows an external RF switch used for receiver gating, instead of ing the

PNA'’s internal IF gate switches. This setup, only used with narrowband dection, can

provide shorter gate widths (< 20 ns) than those obtained using the internldF gates.

This results in better timing resolution and lets you use a PNA without Optio H11. For

IRUZDUG UDWLRHG SXOVH SUROOH PHDWRRHPEHQRWVWZZMWFK FRXSOHG JDWHV D V

would be needed for the R1 reference channel.

I H‘ Pulsel out
El=s Pulse2 out
o ﬁggf External switch in receiver B lo
Src Out] for external gating
Ref
| Tk Power supply
\Ir\. o Com
1 +V -V
PQQ
DC(-) DC(+) $

DC supply used only if
required by RF switch

Figure 40. Using an external RF switch for receiver gating (for narrowbahdetection)



35 | Keysight | Pulsed-RF S-Parameter Measurements with the PNA Microwave Network Analyzers Using Wideband and Narrowband Detection - Application Note

Figure 41 shows a setup for forward and reverse (bi-directional) pulse®RF S-parameter
measurements. This requires two RF switches for the modulators, and may oray not

UHTXLUH WKH ERRVWHU DPSOLoHUV DQG GLUARMMRQDO FRXSOHUV VKRZQ LQ WKH 0JX

FRQoJXUDWLRQ FDQ EH XVHG ZLWK HLWKHU Z2ZIRG(\HEWXGWU QDUURZEDQG GHWHFWLRQ
when using narrowband detection with this setup, the forward and revere modulators

and the R1 and R2 reference receiver gates share two pulse drives. If indepaent control

Rl WKH 5) PRGXODWRUY DQG 5 DQG 5 UHFHLYHDU SXOWMVLUHG IRU IXOO pH[LELOLW\ W
output modules are needed, requiring a third pulse generator.

Pulsel out drives forward
SIG) m and reverse RF modulators
&

=Y = =T =T =)= -1 )

i| +——1[ __ —Narrowband detection:
Three output channels drive internal
receiver gates A, B, and R1/R2 for
point-in-pulse and pulse-profile measurements
—Wideband detection:
One output channel drives PNA TRIG IN

!

1

J)LIXUH JRUZDUG DQG UHYHUVH EL GLHWRWLIFRDDMOXBRWVYRG 5) 6 SDUDP

Figure 42 shows the PNA used with a pulsed RF signal created by pulsing the DC biaé o
the DUT. In this example, the input to the DUT is a swept CW signal, but the output is a

swept pulsed-RF signal. The user has to supply the switches in the DC path of the

DPSOLoHU RU XVH D SRZHU VXSSO\ WKDW FDQ ED@XEH'HG RQ DQG RIlI 7KLV FRQOoJXULI
used with wideband or narrowband detection. The setup is often used with wlieband

GHWHFWLRQ WR WHVW RXWSXW DPSOLoHUV RI *60 PRELOH KDQGVHWYV

BEREE
BEE H Pulsel out
oooooo PEE PRR@
|
e i
cooooo Cees 6eqell — Narrowband detection:
J —_ Three output channels drive internal receiver
—— gates A, B, and R1/R2 for point-in-pulse and
| pulse-profile measurements

— Wideband detection:
One output channel drives PNA TRIG IN

THF
—
—@)
111

Power supply

Com
cw Pulsed-RF H oV
Q@
— J
1
‘\,\‘
v\:\.
\ Pulsed-DC bias to DUT
JLIXUH

3XOVHG ELDV 6 SDUDPHWHU FRQo0JXUDWLRQ



36 | Keysight | Pulsed-RF S-Parameter Measurements with the PNA Microwave Network Analyzers Using Wideband and Narrowband Detection - Application Note

Figure 43 shows the combination of a pulsed-RF stimulus with pulsed-biasThis is a
FRPPRQ FRQO0JXUDWLRQ IRURQ ZDIHU GHYWHHR @ HFD® EHOYWKHRKXIK WKLV FRQoJXUD
for on-wafer measurements with wideband or narrowband detection, vey narrow pulse
widths are typically used, requiring narrowband detection. Note that vhen using narrowband

detection with this example, three pulse drives are used for the A, B and combined
R1/R2 IF gates. If independent control of all of the receiver gates is desicefor full
pPH[LELOLW\ WKHQ VL[ SXOVH RXWSXW PRGXGHMQHUDWHRIWGHG UHTXLULQJ D WKLUG S>

BHEFH S
[E=== Pulse 1 out
Sooooo 906 006
CooER
2222400
oooogoo @O @00
®E EE=El —Narrowband detection:
EE :| Y Three output channels drive internal
8588 .
239 ™~ receiver gates A, B, and R1/R2 for
0 - point-in-pulse and pulse-profile measurements

—Wideband detection:
One output channel drives PNA TRIG IN

Cplr thru
RFin Power supply
com,,

\I\‘ RF out Pulse 2 out +V
G0

TTL ¢

DC() DC(#) -

' '\\l\
] Pulsed-DC bias to DUT

%)
!
_0
__®
111

/_

™~

DC supply used here only if
required by RF switch

JLIXUH 3XOVHG 5) DQG SXOVHG ELDV 6 SDUDPHWHU FRQoJXUDWLRQ
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Reference signal choices

There are four ways in which the reference receiver can be used for pulsed S-paEneter
measurements (Figure 44). A non-gated, CW stimulus (Figure 44a) givehe best dynamic
range as no pulse desensitization occurs in the reference channel, but thefeect of the
pulsed stimulus is not ratioed out of measurements of the DUT. For example, ifie pulse
duty cycle changes, the uncorrected S-parameter will change, since thedst receiver
experiences a change in amplitude due to pulse desensitization, but the refence receiver
does not. For most pulsed-RF S-parameter measurements, a pulsed sighéor the reference
receiver is recommended (Figure 44b, 44d). Furthermore, gating all foureceivers of the
PNA is recommended (Figure 44d), as this allows use of unknown-through calibtions

(i.e., short-open-load-reciprocal thru, or SOLR).

3XOVH SUR0oOH PHDVXUHPHQWY VKRZ WKH WLPRIUGWRBYH UHVSRQVH RI WKH SXOV
measurements, the reference receiver needs the pulsed stimulus so thahe resulting

SUROOH WUXO\ PHDVXUHV WKH HIITHFW RI WKH "'87LRVKRWKWH SXOVHjV PDJQLWXGH DQG S
the pulse’s inherent response affecting the results. Gating of the refemce receivers is

JHQHUDOO\ UHTXLUHG IRU SXOVH SUR0OOH PHDVXUHPHQWYVY )LJXUH G

7KH FRQ0JXUDWLRQ VKRZQ LQ )LIJXUH F LV RWHPQZXWHG IRU D SXOVHG '& ELDV V\V
CW input.

Not gated

Gated

Gate Gate

CW stimulus Pulsed stimulus

Figure 44. Reference signal choices
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Pulse test sets

Keysight can supply a variety of test sets for pulsed S-parameter measumeents. Test

sets include a single pulse modulator at a minimum, but may also include addional

PRGXODWRUV ERRVWHU DPSOLoHUV QQGUWRWIRYKO® ERXS$SOHUV VZLWFKHYV
H81 2-20 GHz RF modulator gives the PNA pulsed-RF system similar capabijito the

85108 in terms of frequency range and output power levels. With only one modular,

pulsed S-parameters can be done in the forward direction only, which is tyjeal for
DPSOLOHU PHDVXUHPHQWY 1RWH WKDW WKHWHVBIWHWBRQW SDQHO MXPSHUV RQ WKH \

E\SDVV WKH LQWHUQDO DPSOLOHU RU WR WHX¥NIKIW RKWWMH KXSEBY SRZHU DPSOLOHUV
RWKHU 5) PRGXODWRUYV DV QHHGHG WR IXO00 Q FDRMHL RVGWWLQJ UHTXLUHPHQWY RI PDQ

through its Component Test “Special Handing” group. For example, other apjcations
PLIJKW UHTXLUH KLJKHU IUHTXHQF\ UDQJHWWGRIPRGXODWWRWWHWURDO DPSOLoOHUV R

forward and reverse pulsed S-parameters. These test sets are quoted on andividual
EDVLV 6RPH H[DPSOH RI RWKHU WHVW VHWV WHK\WVWJKWYBUFHHQ SUHYLRXVO\ VXSSOLHC

QR DPSOLOHU

*+] %LGLUHFWLRQDO WZR SLQ VZLWFKHYV
QR DPSOLOHU

*+] %LGLUHFWLRQDO WZR SLQ VZLWFKHYV
*+] 8BQLGLUHFWLRQDO QR DPSOLOHU

+ o+ +

N B B

Figure 45 shows the Z5623A H83 2-20 GHz test set in more detail. This test set is @fit
used for testing transmit/receive (T/R) modules used in phased-arrayadar systems. It
includes two PIN switches for bi-directional (forward and reverse) pised-RF stimulus,

and two directional couplers for the reference channels. It does not inclde internal
DPSOLoHUV EXW KDV SURYLVLRQV IRU VZLWFERQW SRAEHWHQPQDO DPSOLoHUV WR ERRYV

both directions.

?I"E":,\j AMP 1 AMP 2 AMP 2
TERM TERM TERM
Nl Nl NaW O
1 2% 1 2% *2 1 *2 1
sw2 SW3 ! |'swe | 'Swa |
G ) W D
L 2% L
Sw X X WA
43 16 d 60 dg J\Ago/g 16 dB i3 4y
aw i -
g CcPLR[1 J ‘£ 10200 CPLR[Z Vs ‘
Lk o s L, Y L pe
Y = Y'Y Y TY 5 = VY
SourceFilterPulse Pulse Amp “Amp Source CPLRCPLR RCVR RCVR CPLRCPLRSource AMp Amp Puse2  Pulse FilterSourc:
in in out in out in out in thru Rlin R2in thru in out in out in out in in
Z5623AH83 PULSE TEST SET, 2 GHz to 20 GHz
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Figure 45. Z5623A H83 2-20 GHz test set for bi-directional pulsed S-pararaters
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Pulse generators

Pulsed S-parameter measurements require one or more external pulse gerator.

Keysight 81100 series pulse generators are recommended as they can be cantled with

Option HO8. At least one pulse generator must have a 10 MHz reference to lock to &

PNA. This pulse generator is the master. The remainder of the pulse genems (if any)

are triggered by the master. Keysight 81100 series pulse generators canave one or two

output modules. The number of output modules depends on the desired measureants.

The minimum number of output modules required is one, to control the RF modulatorf~or

SRLQW LQ SXOVH DQG SXOVH SUR0o0OH PHDWVXHGE PAHRQ WR/Q R WKBI WERRGXOHY DUH QH
internal IF or external RF gates. Note that gates can share a common output mode if

the same pulse width and delay can be applied to two or more receivers. The tablegow

summarizes the number of output modules and pulse generators required for sthependent

gate control for various point-in-pulse S-parameter measuremens. If independent

control of forward and reverse modulators is desired in addition to all four plsed

S-parameters, then six output modules are required (3 pulse generators)ilwo common

VHWXSV VKRZQ LQ )LIXUHYV DQG DQG RQ URZ RI WKH WDEOH DUH FRQoJXUHG WR
R1 and R2 reference receivers share a common pulse output. This allows indepdent

delay and width control for the A and B gates using only two dual-output pulse geerators.

Output modulesPulse generatorsOutput module usage for independent contfbint-in-pulse measurements available
required required

2 1 RF modulator, B gate S21 with ungated reference

3 2 RF modulator, A and B gates S11, S21 with ungated reference

3 2 RF modulator, R1 and B gates S21 with gated reference

4 2 RF modulator, R1, A and B gates S11, S21 with gated reference

4 2 RF modulators, R1/R2 (shared), A and B gates S11, S21, S12, S22 evithagsed ref

5 3 RF modulators, R1, R2, A and B gates S11, S21, S12, S22 with gated references
6 3 Fwd. RF modulator, rev. RF modulator, R1, &4, £21, S12, S22 with gated references

and B gates
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IF gain setting

For normal S-parameter measurements, PNAs (and some PNA-L models) haan IF

automatic-gain-control feature that maximizes measurement dyramic range. For

pulsed-RF measurements, this “auto” mode should be disabled. Option &8, used for

narrowband measurements, does this automatically, but when using Wleband detection

(or narrowband detection without Option H08), the user must turn off the “aito” mode

and set the gain of each receiver manually. This decreases the pulse-séitig time of the

31%$ VLIQLOFDQWO\ :LWK WKH DXWR JDLQ RQ WKHXVHWWOLQJ WLPH RI WKH 31%$ LV DU
with it off the settling time drops to about 20 us. To turn off the “auto” mode, selet the

&KDQQHO PHQX ! $GYDQFHG ! ,) *DLQ &RQ0JXUDWLRQ DQG XQVHOHFW WKH $XWRPDWL
checkbox. In most cases, the gains of the receivers should be set to Low or Med,

depending on the signal levels involved. The proper gain settings can be dermined by

empirical observation of the S-parameter measurements; ensure thateceiver compression

effects are eliminated or minimized to acceptable levels.

Reference loop

If your PNA has Option 081 (a reference-receiver switch) and you are using a Ise setup

that routes some of the pulsed stimulus back to the PNA's reference receivebe sure

that the R1 input path is set to external. If not, the PNA will use the internal CW sowe

as the reference, and any external signal-conditioning components (@uplers and

DPSOLoHUV IRU H[DPSOH ZLOO QRW JHW UDWLKRHE [RVHW RDWKH PHDVXUHPHQW 7R VH:
UHIHUHQFH SDWK VHOHFW WKH &KDQQHO PHQX ! RBVW 6HW{ ! ([WHUQDO pRZ WKURXJ

Measuring frequency converters

Pulsed measurements on mixers and converters using wideband or narrowd detection

can be accomplished on the PNA using the Frequency Converter Application oA

(Option 083) or by using the basic frequency-offset mode provided by Optio080.

&RPSDUHG WR 2SWLRQ 2SWLRQ RITHUV D GLPE[HUWBDHG XVHU VHWXS SOXV DGYDQF
calibrations for accurate conversion loss and absolute group delay mesurements.

When using either Option 083 or 080, wideband detection can be set up as we have

previously outlined in this application note. For narrowband detecion using the HO8

pulse application, a special mode of operation must be used that doesn’'t arwrite the

frequency offset used in the channel by Option 083 or 080. This special convent mode is

VHW E\ VHOHFWLQJ WKH &RQoJXUH PHQX LQ WKH WKH@SOLFDWLRQ QRW WKH 313$jV PF
selecting the Converter Measurements choice (a check mark will appearin this mode,

the “Fixed PRF” choice should not be used. For point-in-pulse measuremds, either

2SWLRQ RU FDQ EH XVHG +RZHYHU WKH SXOKVBRESWIRCPH IHDWXUH RQO\ ZRUNV Z
080 and does not work with Option 083.

Using power sweeps

Power sweeps can be combined with either narrowband or wideband detectioto
measure gain compression and AM-to-PM conversion of mixers and converts. A source
power calibration is recommended for improved accuracy. The procedure fgperforming a
source power calibration is described in the next section.
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Calibration

S-parameter measurements

Calibrating a pulsed-PNA system is essentially the same as calibratina normal

S-parameter measurement. Calibration can be done with both wideband ad narrowband
detection. Either mechanical or ECal modules may be used. The calibrati should be done under
pulsed conditions, and each unique set of pulse and gating parameters usuly requires a
separate calibration. ECal modules are especially useful for pulse®F measurements, because
numerous measurement setups with unique pulse conditions can be calilated with a single set
of connections to the ECal module, making calibration fast and easy.

When using wideband detection, you must set up the proper delay value for the gse
acquisition trigger before doing a calibration to ensure that data is only &ken during the
“on” portion of the pulse.

Note that if you are using narrowband detection and are not gating all of the angyzer’s

UHFHLYHUV WKH XQNQRZQ WKUX PHWKRG IRUPZDUHRDOLEUDWLRQV PLIJKW IDLO :LWK
revision A.06.xx or higher, you can specify the thru choice for both mechaeél calibration

kits and ECal modules, so you can easily select another thru method besides the

unknown thru. Gating all of the receivers ensures that the unknown thru calibrégon

works in all cases.

Source power calibration

Whenever accurate port power is desired, a source power calibration muse done. The

procedure is a little more complicated for pulsed conditions, as the reading of the power

meter are affected by the duty cycle of the pulsed-RF stimulus. Currently,ie PNA only

uses average power readings (from average or peak-power sensors) when germing a

source power calibration. Therefore, under pulsed-RF stimulus, # power meter will read

D YDOXH WKDW LV ORZHU WKDQ WKH SHDN SXOVHEBRAKH) GHoQHG DV WKH SRZHU GXU
pulse is on) by 10*log (duty cycle). Note that since the power meter is measurgnpower

and not voltage, the loss is 10*log (duty cycle) and not 20*log (duty cycle).

When calculating the desired calibrated source power value for the test prt, remember
that you are specifying average pulse power rather than peak pulse power. F@xample,
if you want +10 dBm calibrated peak pulse power at the test port and the pulse duty
cycle is 5%, then the PNA's calibrated port power should be

+10 dBm + 10*log (.05) =+10 + (-13) = -3 dBm.

In order to successfully perform a source power calibration, the power-ffset feature
must be used to ensure that the PNA's automatic level control (ALC) circuiy does not go
unleveled as it tries to bring the test port power to the desired calibrated pover level. The
value for power offset must compensate for any gain (from booster amps) or losérém
attenuators or pulse desensitization) that might be present in the sysm between the
PNA'’s internal source and the test port. The pulse desensitization efte due to duty cycle
appears as attenuation, since the power meter reads average pulse power ttger than
peak pulse power. When performing a source power calibration under puksd conditions,
XVH WKH IROORZLQJ IRUPXOD
3RZHU RIIVHW G% ERRVWHU DPSOLoOHU JDLQ G% ORJ GXW\ F\FOH
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JRU H[DPSOH LI DQ DPSOLOHU ZLWK G% JDLQ ZDV XVHG DQG WKH GXW\ F\FOH RI WK
RF stimulus was 5%, then the power offset value should be set to 25 + 10*log (.05) = 25

q G%» ,I QR ERRVWHU DPSOLoOHU ZDV XVHG WWKHQ WKH SRZHU RIIVHW YDOXH ZF
be —13 dB.

When calculating the duty cycle of narrowband measurements, do not inclde any
reduction in duty cycle due to gating, as the gates only affect the PNA's receiver and
the power meter measures the un-gated pulsed stimulus.

Combining our example of +10 dBm calibrated peak pulse power with the example of a
25 dB booster amp and 5% duty cycle, you would initially set the source power on the
PNA to —3 dBm — 12 dB = —15 dBm. Then, when performing the source power calibration
with a power offset of 12 dB, the calibrated output power will be —3 dBm. Although tle
PNA will report its source power as —3 dBm, the actual peak power is

-3 dBm + 13 dB =+10 dBm.

Using the method described above, any inaccuracy in knowing the effeate duty cycle

will affect the calibrated output power of the PNA. Inaccuracies might be dued rise and

IDOO WLPHV RI WKH SXOVH EHLQJ D VLIQLOFDEWOSRUWLRQ RI WKH SXOVH ZLGWK $Q |
approach to measuring pulse desensitization (rather than calculang it from duty cycle) is

to simply measure the difference in power of the RF stimulus between CW and pugsl

conditions. This value can then be used to set average and peak power levels.
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Comparing the PNA and 8510

The last section details the performance differences between the PNA ah8510 network
analyzers

Figure 46 shows a comparison between the PNA, PNA-L, and the 8510. The 8510’s

dominant detection mode is wideband, due to its relatively large bandwith (about 3 MHz

before detection, 1.5 MHz for | and Q pulses after detection). The detectiois done before

the analog-to-digital conversion, and is achieved with analog circitry. The detector

consists of a synchronous down-converter which produces baseband 1/Q dputs. Pulse

SUR0oOLQJ LV DFKLHYHG E\ YDU\LQJ WKH VDPSOKHSRRQW DORQJ WKH EDVHEDQG SXOVE
way to trade off speed and dynamic range with the 8510 is with averaging.

The PNA’s dominant detection mode is narrowband, due to its relatively lowdndwidth

R N+] $O0 oOWHULQJ DQG GHWHFWLRQ RQGROQWLBQN XYW VDKKH DQDORJ WR GLJLWDO
GLJLWDO VLIJQDO SURFHVVLQJ 3XOVH QUWFrEHYIWKDMW KDMYH® KH WK DQDORJ V

RU 5) VLJQDOV SULRU WR oOWHULQJ DQG GHWHBPWHR®RITKH 31%$j)V QDUURZEDQG PRG
speed and dynamic range using variable IF bandwidths as well as averagingh& PNA
can also do broadband detection with pulses as narrow as 50 us.

7KH 31%$ /jV GRPLQDQW PRGH LV ZLGHEDQG GMVRHFMWML.BRQHOO ocOWHULQJ DQG GHWHF
after the analog-to-digital conversion, using digital-signal processing. The widest IF

bandwidths are 250 kHz (2-port 20, 40, 50 GHz models) or 600 kHz (2-port 6, 13.5 GHand

4-port 20 GHz models) allowing point-in-pulse measurements of 10 us or 2 usespectively.

3XOVH SUR0oOLQJ LV VLPLODU WR WKH HIFHSWD/WGKRIVDPSOLQJ LV GRQH RQ ,) SXOVI
baseband pulses. Normally, wideband detection is done at the widest IF balwidth, so

the only way to improve dynamic range is by averaging.

Although PNA, PNA-L, and 8510-based systems make measurements withffiérent

hardware and different types of detection, the resulting pulsed S-paameter and

SXOVH SUROOH PHDVXUHPHQWY DUH LGHQW LFIDWKIR W \IV WIHPH/Q GHYLFH WHVWHG RQ DQ
Figure 46. Comparing the 8510, PNA, and PNA-L

8510 (85108A)

— Dominant mode is wideband detection QFLK
— Detection is done BEFORE analog-to-digital conversion QL AFDF(
— Analog synchronous detector produces baseband 1/Q output LAR@BP
(detector bandwidth = 1.5 MHz) \-/(F\A}i D P>J
- 3XOVH SUR0oOLQJ DFKLHYHG E\ YDU\LQJ VDPSOH Siyp TFQE EDVHEDQG SXOVHV

— Trade off speed and dynamic range with averaging

PNA
— Dominant mode is narrowband detection
- $00 SURFHVVLQJ oOWHULQJ DQG GHWHFWLRQ LV&;ﬁ_(BI—L,P}JLWDOO\
— Widest bandwidth = 35 kHz
- 3XOVH SUR0oOLQJ DFKLHYHG ZLWK DQDORJ VZLWFKpp TFQEV JDWH ,) RU 5) VLIQDO'
— Trade off speed and dynamic range with variable IF bandwidths and averaty

PNA-L
— Dominant mode is wideband detection
- $00 SURFHVVLQJ oOWHULQJ DQG GHWHFWLRQ LVQ':BLK FLKLJLWDOO\
— Widest bandwidth = 250 or 600 kHz QB@Q
— 3XOVH SUR0oOLQJ DFKLHYHG E\ YDU\LQJ VDPSOH SKLYw KI ,) SXOVHYV
— Trade off speed and dynamic range with averaging

Figure 46. Comparing the 8510, PNA, and PNA-L
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Figure 47 shows the 85108A’s dynamic range versus pulse width for various tducycles.
The data was taken using a constant time-per-point of 90 ms. In some 8510 cases, one
averaging could be done in this time frame, resulting in increased dynamicange.
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Figure 47. 85108A dynamic range versus pulse width for various duty cycte

Figure 48 shows the PNA's dynamic range versus pulse width for various duty dgs. The
PNA’s bandwidth was 10 Hz, to match the time-per-point of 90 ms used for the 8518A

data.
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Figure 48. PNA dynamic range versus pulse width for various duty cycles
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Figure 49 shows the actual dynamic range versus duty cycle, between the 851and PNA.
The bandwidth of the PNA was chosen to give the same time-per-point as the 8510The
PNA'’s dynamic range varies with duty cycle, but the crossover point is at abd®.1%

duty cycle. For most radar applications (duty cycles in the 1 to 10% range), the PAlhas
superior dynamic range compared to the 8510.

85108 and PNA dynamic range vs duty cycle (90 ms/p oint)

120.0

100.0 Pulse width*

PNA/'/" ——20us
80.0

)
= -
Y 8510 / 1ous
g’ /'/ K R Sus
8 600 % )
; us
E —*—1us
S 400 [ ==
= <~ Radar —— TO—PNA
200
0.0 ‘ ‘ :
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Duty cycle

* Pulsewidths are for the 8510. The INA's dynamic range
is a function of duty cycle, irrespective of pulse width

Figure 49. Comparing dynamic range of the PNA and 8510

JLIXUH VKRZV DQ H[DPSOH SRLQW LQ SXOVH P$HOWKBNPKHQW RI D EDQGSDVYV o0OWH
OOWHUV DUH QRW QRUPDOO\ PHDVXUHG XQGHKNOCS WRVHKREQGLWLRQV WKH\ DUH YHU\ X
the overall dynamic range of the test system. The pulse conditions used fohts example

were chosen because they are representative of a typical radar applican. Note, there is

excellent correlation between the PNA and 8510 in the passband and transdn region of

WKH oOWHU 7KLV H[DPSOH DOVR VKRZV WKDW WKHI31$ KDV DERXW G% EHWWHU G\Q
and sweeps 6 times faster than the 8510.

8510 sweep time =9.0 s
PNAsweep time = 1.4 s(6x faster)

PW=5us

PRF =10 kHz

Duty cycle = 5%

Points =201

8510: no avg

\ PNA: no avg, BW=567 Hz

—_PNA Calibration: 2-port
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Figure 50. Example measurement comparison of PNA and 8510
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Figure 51 is a review of some of the key issues we have covered in this applicationte.
One thing to note is that the 8510’s narrowband mode is limited to high PRF’s (mimum
PRF around 50 kHz to 100 kHz), and no spectral nulling is available.

Wideband/synchronous Narrowband/asynchronous
Advantages Constant dynamic range Narrow pulse widths
Disadvantages Lower pulse width limit Dynamic range loss with

(OHYDWHG QRLVH prRaf tluty cycles
No pulse-to-pulse

8510 PW > 1 us Limited*
PNA/PNA-L PW > 50 us/10 us/2 us** PW > 20 ns (limited by IF gate)
PNA options None required H11/HO8***
Measurements Average Average

Point-in-pulse Point-in-pulse

3XOVH SURO0OOH 3XOVH SUROOH
Pulse-to-pulse

* Hi PRF, no nulling, no point-in-pulse

** PNA/PNA-L 2-port 20, 40, 50 GHz/PNA-L 2-port 6, 13.5, 4-port 20 GHz

*** Qption HO8 is usually used in conjunction with Option H11. Without H11,He user can
perform average pulse, or point-in-pulse measurements using extaral RF gates

Figure 51. Pulse summary
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Summary

Testing with pulsed RF stimulus is very important for radar, electronic wdare and
wireless communications systems. Modern network analyzers utiliztwo different
detection schemes, each with advantages and disadvantages. Both wideind and
QDUURZEDQG GHWHFWLRQ FDQ EH XVHG I1&@H BRDWUHP ISEBVH DQG SXOVH SURoO
Pulse-to-pulse measurements require wideband detection. Althogh wideband detection
has traditionally been the more widely used technique due to the popularity of plsed
8510 systems, narrowband detection is a powerful alternative for angking pulsed-RF
signals. Keysight's unique spectral nulling technique improves measement speed
considerably by using wider IF bandwidths. For radar and wireless commugation
applications, narrowband detection offers superior dynamic rang and speed compared
to the 8510. And with narrowband detection, there is no lower limit to pulse wdths.

It is important to remember that although the PNA and PNA-L use different hardwre and
detection techniques than the 8510, the measurements and the measuremdrresults are
essentially the same — they both provide accurate pulsed-RF S-paramets.

In addition to providing high-quality pulsed-RF S-parameter measurenents, the PNA and

31$ / RIIHU PDQ\ SODWIRUP EHQHoWV 7KH 31% [DELOLWDYV PRUH PHDVXUHPHQW pH
with 32 measurement channels, 128 traces, 16 windows, and up to 16,001 data piots.

The PNA family also offers all of the connectivity you'd expect from a PC-badanstrument,

such as connecting to printers via LAN, and using USB peripherals. Furtherore, the

RSHQ :LQGRZVe HQYLURQPHQW DOORZV PD[LWPXPXpHRHEHRQOUW ) IRU DXWRPDWLQJ P
like running software right on the instrument, and using COM and DCOM for fastrpgram

execution and data transfer. The PNA family also has many features to ease thask of

vector network measurements, like a built-in HELP system, Calibradin Wizards, and

electronic calibration that works up to 67 GHz.

Web Resources

3XOVHG 5) PHDVXUHPHQWYV
ZZZ NH\VLIKW FRP 0QG SXOVHGUI

$HURVSDFH GHIHQVH DSSOLFDWLRQV
ZZZ NH\VLIJKW FRP 0QG DG

31$ VHULHY QHWZRUN DQDO\]JHUV
ZZZ NH\VLIJKW FRP 0QG SQD

(OHFWURQLF FDOLEUDWLRQ (&DO
ZZZ NH\VLIJKW FRP 0QG HFDO

5) DQG PLFURZDYH WHVW DFFHVVRULHYV
Z2ZZ NH\VLJKW FRP 0QG DFFHVVRULHV
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