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Importance of Proper Signal Levels

e T00 low
— Signal buried in noise

RL 0.0 dBm

ATTEN 10dB

10dB / DIV

e T00 high
— Nonlinear distortion can .
occur '
START 150 MHz STOP 1.150 GHz
RB 3.00 MHz VB 300 kHz ST 13.89 msec

— Or even worse!
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Why Not Measure Voltage?
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Power: P =(I)(V)

Amplitude




Units and Definitions

AC component of power DC component of power

A
Amplitude

Power: P = (I)(V)

~V

e Unit of power is the watt (W): 1W = 1 joule/sec

o Some electrical units are derived from the watt:
1 volt = 1 watt/ampere

o Relative power measurements are expressed in dB:
P(dB) = 10 log(P/Pref)

e Absolute power measurements are expressed in dBm:
P(dBm) = 10 log(P/1 mW)

I.. i *l T - i
Power Measuremen t Basics '.'...l '... A‘ﬂllﬂﬂt TB'E"IHEFDEIB‘E



Types of Power Measurements

Peak

Power Pulse Top Overshoot
Amplitude

Average Power

Pulse
Width

Duty Cycle
Time-gated (burst) Pulse
Average Power Delay
PRI PRF
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Instruments used to Measure RF and Microwave Power

e VVector Signal Analyzer

e Spectrum Analyzer

o Network Analyzer

o Power Meter and Sensor
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Average Power

L |

< :
Average over several modulation cycles

|

|« ” >| time
Average over many pulse repetitions
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Basic Measurement Method - Using a Power Meter

Power Sensor

Thermistors
Thermocouples
Diode Detectors Substituted DC or low
frequency equivalent

Net RF power
absorbed by sensor

1
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Basic Measurement Method Explained
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Power Ranges of the Various Sensor Types

Thermistors

Thermocouple square-law

region

Diode detector square-law
region

Offset the range using
an attenuator

Wide Dynamic Range using Diode Detector
for CW only or Modulated Signals

Offset the range using
an attenuator

! | | | ! |
-70 -60 -50 -40 -30 -20 -10
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Thermocouples

e The principles behind the thermocouple
Vi
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Thermocouples

RF power
gold leads gold leads
e Thermocouple implementation l !
C cold
¢ junction
o—i :

Thin-Film

Resistor é

‘ hot
hot jun

n-Typ
RF Input Silicon

cQ
>0

To dc Voltmeter

Thermocouples
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Diode Detectors

¢ HOW does a diode detector work?
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Diode Detectors
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Wide-Dynamic-Range CW-only Power Sensors
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E-series E9300 Average Power Sensors Technology

_DI_DIT

RF Input |
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Low Power Path
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% High Power Path
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Innovative Design:

= Djode stack- attenuator-
diode stack topology

= Two paths with an automatic
switch point
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Advantages of the E-series E9300 sensor architecture

= Sensor diodes always kept in square law region:
- means accurate measurement of signals with arbitrarily wide
modulation bandwidth, and accurate measurement of signals
with high peak to average ratios

cdma2000
@
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Advantages of the E-series E9300 sensor architecture

= Flat calibration factors give
accurate measurement of
multi-tone signals.

. . e
l. L 21
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Pulse Power Measurement
Power

B (pulse repetition interval)

Duty Cycle :JE%L

> Time

<

A (pulse width)

iy . , 23
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Envelope Power and Peak Envelope Power

High Frequency Modulated Signal Voltage

i o
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High Frequency Modulated Signal Power

[ —— g
EASTROE pireal
Breeelfie passesr | ]

‘ats’ . , 24
Power Measurement Basics '.'...l '... Aﬂlllﬂt TB'E"IHEE{IEIH



Peak Power Measurement System Characteristics

Sensor Diode
Bulkhead

High frequency modulated signal power

Power Measuremen t Basics

Load Filter (low pass)

=

To high speed sampling

Detected envelope power  power measurement path

/‘/‘\

|

® Flat video (modulation) bandwidth
® High speed, continuous sampling

® Wide dynamic range

Agilent Technologies
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Continuous Sampling versus Random Sampling

What are the advantages of the 20Msamples/s continuous
sampling compared to random sampling for power measurements?

* Continuous sampling ensures that the peak power Is
captured on single shot signals

* Random sampling takes longer to build up the trace display

"wiy” . . 26
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The Effect of Insufficient Bandwidth

INPUT POWER ENVELOPE DETECTOR DETECTOR OUTPUT ENVELOPE

= L
IR IR N TR

Average =1 Average =1
1 MHz
Crest Factor = 2 = 3dB = Meter + Sensor Video Bandwidth
Response Crest Factor =1.5
(1 MHz tone attenuated by 0.5) =1.76dB
1.24 dB error

"wiy” . . 27
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Time Gated Power Measurements

Fulsed RF Signal lllustrating Gated Measurements
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Time Gated Power Measurements

Ext Trigger
Start 4
< >
Length 2
gtart 2 Length 4
«ofart3 |
Length 3
Delay < >
+—>
Start [L
h Length 1 /‘
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Sources of Power Measurement Uncertainty

e Sensor and Source Mismatch Errors
e Power Sensor Errors
e Power Meter Errors

Mismatch

-..: ll.. B N
Power Measurement Basics '."'.' .'_' Agilent Technologies
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Calculation of Mismatch Uncertainty

Signal Source

2 GHz, 0 dBm
e > e S Power Meter
N pp—— \ OWEr Sensor Agilent EPM or
/-\_J 4 Agilent E9301A I— EPM-P series power
meters
VSWR =113
Tl =0.06
VSWR = 2.0 SENSOR
Il] =0.33
SOURCE

Mismatch Uncertainty =2 x [I'] x |I'| x 100%

SOURCE SENSOR

Mismatch Uncertainty =2 x 0.33 x 0.06 x 100% = % 3.96%

IT| = VSWR-1
VSWR + 1

“atyt . , 33
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Power Sensor Uncertainties

\arious sensor
fes
Pi . F’g|> DC signal )
Element Power Meter
Pr
Power Sensor

PgI
Cal Factor: K = n —

© P

P, = incident power; P, = reflected power
Py = net power transferred to the load from the generator

ne = Effective Efficiency

"aly” - . 34
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Power Meter Instrumentation Uncertainties

Iy

ko
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Judgement: What Is an acceptable
measurement uncertainty?

>

» Reasonable Error Limits:
- 0.5 dB?
- or 12%

Which is the larger error?

Power Measuremen t Basics ':,_ ..'_' nﬂllﬂﬂt Technaol oguas
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Calculating Power Measurement Uncertainty

Mismatch uncertainty: + 3.96%
Power Linearity: +2.0% !
Cal Factor uncertainty: +1.8% !
Power reference uncertainty:+ 1.07% 1
Instrumentation uncertainty: + 0.5%

1 Specifications apply for anE9301A sensor and EPM or EPM-P series power meter,
over 25 £10 degrees C temperature range

Now that the uncertainties have been determined, how are they
combined?

"wiy” . . 37
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Worst-Case Uncertainty

e In our example worst case uncertainty would be:
=3.96% + 2.0% + 1.8% + 1.07% + 0.5% = £ 9.33%
+9.33% = 10 log (1 + 0.093) = +0.39 dB

-9.33% = 10 log (1 - 0.093) = -0.42 dB

"y, Agilent Technologies
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*Combining the Measurement Uncertainties

Source of Value | Probability | Divisor | Standard
Uncertainty +0% | Distribution Uncertainty
ur (k=1)
Source/Sensor 3.96 U-shaped 1.414 2.8
Mismatch at 2 GHz
Calibration Factor 2.0 Normal 2 1.0
Uncertainty at 2 GHz
Linearity at 0 dBm 1.8 Normal 2 0.9
Power Reference 1.07 Normal 2 0.53
Uncertainty
Instrumentation 0.5 Normal 2 0.25
Uncertainty

Combined Standard Uncertainty u, = RSS of u,
Expanded Uncertainty (k=2) =2 x u

* In accordance to guidelines published in the “ISO Guide to the Expression of Uncertainty in Measurement” and the “ANSI/NCSL Z540-2-1996 US Guide to

the Expression of Uncertainty in Measurement”

Power Measurement Basics

Agilent Technologies
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Combined Standard Uncertainty (u.), using the
Root Sum of the Squares (RSS)

. In our example, the u. would be:

= (2.8)%+ (1.0) >+ (0.9)2+ (0.53)% (0.25)’

==+ 3.16%

«The Expanded Uncertainty (u) =2 x 3.16 = £ 6.32%

+ 6.3% = 10 log (1 + 0.063) = +0.27 dB (+0.39 dB worst case)

-6.3% = 101log (1-0.063) =-0.28 dB (-0.42 dB worst case)

"aly” - . 40
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National Standards and Traceability

Rising Costs /
Better Accuracy

Power Measurement Basics

Microcalorimeter

National Reference |t \ o (USA), NPL (UK)
Standard

NIST (USA), NPL (UK)

Working Standards

Commercial
Measurement Standard
Reference Standard andaras
Laboratory
Transfer Standard Mapgfacturlng
Facility

General Test User
Equipment

Agilent Technologies
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Advanced Power Measurements

® Trace display (pulse profile)
® Marker measurements and display analysis

BMT TLK Gate Ctrl
Al I Gate
|| ]z 34
Select
LIS TgDel
Y, L

{ 2 Marker
] Time: 40.2us AT: G0.1US 2
Povw: 190dBm (Avg: 1.91dBm Traceh

2 Time: 100us Peak: 1.95dBm Control
Pow: 191dBm |Pk-Avi: 0.050B

Agilent EPM-P power meter trace display and analysis screen
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Advanced Power Measurements

® New analyzer features and measurements in PC or laptop environment

Agilent EPM-P Analyzer software

Cabe 45
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Advanced Power Measurements

@ Statistical Analysis:

» Cumulative Distribution Function (CDF)
» Complementary Cumulative Distribution Function (CCDF or 1-CDF)
» Probability Density Function (PDF)

Y axis is the percent time
the signal power is at OR
ABOVE the power specified
by the X axis.

Example: For this CCDF curve,
for 0.3% time the signal power
is at or above 8 dB peak-to-
average ratio

Power Measurement Basics
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Advanced Power Measurements

® Pulse Analysis:

»Power *:

Pulse Top, Pulse Base,

Distal, Mesial, Proximal, Peak,
Average, Peak/Average Ratio,
Burst Average and Duty Cycle

» Time and Frequency:

Rise Time, Fall Time, Pulse
Repetition Frequency (PRF),
Pulse Repetition Interval (PRI),
Pulse Width and Off Time

IEEE pulse definitions and standards for video parameters

applied to microwave pulse envelopes.
ANSI/IEEE Std. 194-1977

Power Measurement Basics
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Thermistors

Characteristic curves of a typical thermistor element

1000 .

800 |- —\—

600 o

Resistance (1)

0 2 | 5] a8 10 12 14
Power (mW)

Agilent Technologies
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Thermistors

A self-balancing bridge containing a thermistor

Bias l

Thermistor
mount

RF Power

“atyt . , 50
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Power Meters for Thermistor Mounts
e 432A Power Meter

Elecdranic
Santch
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Agilent Power Sensor Selection Guide:

8480 Series

A
0 dBm to | 84818
+44 dBm 8482B
10to 8481H
+35 dBm 8482H
. | Q8486A | veagea | wa4seA |
| R8486A |
30 [ 8487A |
30to
+20dBm < | 8485A [ opto33 |
| 8481A
8482A |
8483A (75 Ohm) |
| Q8486D |
0t | R8486D |
200Bm < 8487D |
8485D | optos3 |
8481D
\
I ' | | | | ' ' ' i
= = 81 N N o)) = N w N ul ~ -
S b=y o o o o © o @ o o al =
x ¥ = & 2 &~ F 2 2 F 2 F @2
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Agilent Power Sensor Selection Guide:
E-Series Wide Dynamic Range, CW and Average Sensors

A
70to | E4413A | CW Only
+20 dBm [ E4412A |
-30to E9300B |
+44 dBm E9301B
E9300H | |E9300A H25
'5;’0“38 E9301H
+ m
E9304A H19 |
E9300A Fiza |
50t E9301A
+20 dBm E9304A Hig~ ]
©c g g ® & o 2 x® @ 5 g g =&
E ; ; % g % @ g @ @) @ ) S
= T ° 2 N S e £ F £ F 2

ol
5
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Average Only
dynamic rang%\

-65 to
+20 dBm
-60 to
+20 dBm
-60 to
+20 dBm

Agilent Power Sensor Selection Guide:
E-Series E9320 Peak and Average Sensors

ZH1 6

E9325A ) .
300 kHz video bandwidth
F9321A
E9326A _ _
Sk 1.5 MHz video handwidth
E9327A _ _
5 MHz video bandwidth
F9323A
= g ® & 2 2 % g 85 g & g
N N N I N

Refer to the Data Sheet, 5980-1469E, for Normal mode

and maximum peak power dynamic range
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