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ABSTRACT Frequency Spectrum is a limited resource. There is continual pressure to utilize this resource
more efficiently. The end result is that transmitters and receivers must accommodate higher order digital
modulation techniques, such as CDMA and OFDMA, to accommodate higher data rates in limited
bandwidths. This leads to more effective sharing of the frequency spectrum, and also higher data rates and
quality of service options for the end customer.

This places stringent demands on the design of the transmitter and receiver. In particular, linear distortion
performance such as frequency amplitude response and group delay variation become more important.
These parameters have a direct impact on the error vector magnitude (EVM) performance of the system,
which ultimately determines the amount of data or information that can be transmitted across the channel.

In this presentation we will review the concepts of group delay, frequency dispersion, and deviation from
linear phase. We will show the EVM performance of a channel with different amounts of group delay
variation to directly see the impact of group delay variation. We will also review a variety of techniques for
making group delay measurements, including envelope delay, phase measurement on a multi-carrier signal,
S parameter techniques, reference-mixer techniques, a new VNA technique without LO access, and finally a
vector corrected S parameter measurement on a mixer or receiver with LO access. The second part of this
presentation will explore existing NF measurement techniques, and introduce a new VNA-based technique.

Each measurement has its place, trading off parameters such as complexity, accuracy, measurement speed,
and cost. By reviewing the available techniques, the engineer will be better prepared to select the best
approach for a particular application.
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Outline (slide 1 of 2)
 What is Linear Distortion?

* Frequency Response

* Phase ripple
 Deviation From Linear Phase
» Group Delay
* Dispersion

* Impact on EVM
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Outline (slide 2 of 2)

* Methods of Measuring Group Delay and Phase Response

» Time-based
» Gaussian Pulse
* FM modulation & Envelope delay

« Multi-Carrier signal and delta phase
* Network Analyzer, 2 port S-parameters

* Network Analyzer plus frequency translation, now what?
» Relative measurements with reference mixer
» LO recovery technique for embedded LO
« 2 tone Network Analyzer approach for embedded LO
* Full error correction via adaptor removal technique with a mixer
* Full error correction via unknown through technique with a mixer
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Interesting Questions...

« What is group delay?

« Can we have a negative group delay?

* Does group delay = signal delay through a device?
* Does a CW signal “experience” group delay?

* If | know the group delay of a device, do | know it’s insertion
phase?

 What is phase delay?
* Is group delay a “linear” or “non-linear” distortion?
« Can group delay be compensated? Perfectly?

* Is group delay required to measure deviation from linear
phase?

 What is the “correct” way to measure deviation from linear
phase?
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Sinusoids

* Sinusoids are defined by three parameters
* Frequency
 Amplitude

 Phase
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Sinusoids — parameters we can modify

Amplitude

Frequency
or

Amplitude
and Phase

time
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Modulation Methods

* We vary the amplitude and phase to transmit
information

* Analog modulation: AM, FM, PM
 Digital modulation: FSK, BPSK, QPSK, 16 QAM, and more...

* We use different techniques to share the channel

- FDMA, TDMA, CDMA, OFDMA, MIMO and others....
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April 2010 - VNA-based Group Delay 7
Innovation

ROHDE&SCHWARZ  Page8

'lII;::”H“'



Sinusoids and Distortion

« Amplitude response variation (or ripple)
vs. frequency results in linear distortion
of the input signal’s amplitude.

4750 4775 4800 4825 4850

* Phase response variation (or ripple) vs. f [MHz]
frequency results in linear distortion of 1l
the input signal’s phase. - __7_
* Linear Distortion is distortion of the u!!!
signal that is independent of the signal’s TG fmz] O

envelope level.

* This is in contrast to NON-Linear Distortion, which is related to the
signal’s envelope level. For example, compression, AM-PM
distortion, 2"9 order and 39 order non-linearities are examples of
NON-Linear Distortion.
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Amplitude Distortion

» Easy to comprehend

« Some frequencies are transmitted well, others are attenuated.
« Example

Gain
» Listen to a recording of a band or a CD. : . | |
« Missing the highs and lows i __
« Doesn’t sound “live” 08 _“
h—_

4750 4775 4800 4825 4850

» Playback with an equalizer f[MHz]

» Restore the correct amplitudes by adjusting gain at different frequencies
» Goal is to restore the original amplitude levels

* This is “linear” compensation. It doesn’t matter what we play
back, the equalizer, once adjusted, can compensate any

“sound.”

* As long as it isn’t attenuated to the level where the S/N ratio is no longer
satisfactory

i e
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Amplitude Distortion

« Example of Amplitude Compensation:

dBm Spectrum (zoom)
40 = . o
Equalizer I
": T| | I| | | fl |
50 _ - / —-50 | |‘| | i, : | i_ -
gimin |
60 L= 0= || :
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Phase Distortion Phase

- @/
[ —

e
__/
4750 4775 4800 4825 4840
f [MHz]

* Not as intuitive, needs more study

* So we end up with -

e Deviation from Linear Phase Additional terms to

. >~ help us explain
G.roup Pelay phase distortion.
» Dispersion

» Like amplitude distortion, phase distortion is different
amounts of phase shift at different frequencies.

« A phase equalizer would is just as effective as an amplitude
equalizer.
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Phase Distortion & Deviation from Linear Phase

 What makes this confusing?
A linear phase response results in a sloping line.
« The amount of slope depends on the DUT’s insertion delay
« Any slope is ok, as long as it is a “straight” line
» So to measure phase distortion, we need to know how straight the line really is

« So we measure the “deviation” from straight line, or deviation from
linear phase in order to measure phase distortion.

A

phase

frequency

'Illlnmmn Years of
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Phase Distortion & Deviation from Linear Phase

« Why does a phase response have a sloping line?

« Each frequency passed through a transmission line will have a different
amount of phase shift due to its wavelength.

O
£55

_ (O
(Pref_lo
® Transmission-Line
('P ~ fl f4 f7
n * -180°
T~
n * -360°
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Phase Distortion & Deviation from Linear
Phase

« Consider this phase response vs. frequency

>

phase

>

frequency
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Phase Distortion & Deviation from Linear
Phase

- Draw a straight line that represents no
phase distortion.

phase 1
.\\\
AN

N

, frequency
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Phase Distortion & Deviation from Linear
Phase

 To measure deviation from linear phase, we first “tilt” the response
until it most closely fits a horizontal line.

« Then we consider how much it deviates from this horizontal line at
each frequency.

4 Zero deviation from linear
c© phase is equivalent to no
Q phase distortion.
4‘““:%\*_/ v/
[ (\G\l
W
((@%
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Phase Distortion & Group Delay
d¢

* Group Delay is definedas: 7=——(1n time)

dw

phase 1

, frequency

April 2010 - VNA-based Group Delay 7|||||'I
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Phase Distortion & Deviation from Linear
Phase

» Slope of the green “curve fitted” line represents nominal group
delay over frequency range.

* The deviation from linear phase is our phase distortion.

Slope = group delay t Ripple = phase distortion

i Years of
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Phase Distortion and Group Delay

* Group delay is also a measure of how long it takes
for a signal’s information to propagate through a
channel or device under test.

* So there are times when we also care about group
delay even when we do not care about phase
distortion...

« Example: Gaming on a cell phone...
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Phase Distortion and Dispersion

* Now that we opened the door on derivatives, we
can also consider the derivative of group delay
with respect to frequency.

* This is a measure of the signal’s frequency
dispersion.

» Dispersion is another way of describing linear
distortion.
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Real world example: OFDMA and EVM

» Consider an OFDMA signal that is 20 MHz wide, 1201 sub-
carriers

« With “nearly flat” amplitude and phase response...

« EVM is ~ -55 dB; a fairly low value.

d
/~\‘ ~ Sub-carmers
2 3

\ P .
hols }'_1/ . P 4 . A
I 1 ' T Frequency
'4 y
) A A A A A A Ak
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Real world example: OFDMA and EVM

 Introduce “linear” amplitude and phase distortion via a channel
filter, which primarily impacts the band edges...

amplitude response

« Approximately 2.5 nS of
group delay response

« EVM is now -35 dB at
the band edges

il Years of
A
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Methods of Measuring Group Delay

 Timing-based methods
« Gaussian Pulse
 FM modulation & Envelope delay

* Multi-Carrier signal and delta phase
* Network Analyzer, 2 port S-parameters

* Network Analyzer plus frequency translation, now what?
Relative measurement with reference mixer

LO recovery technique for embedded LO

2 tone Network Analyzer approach for embedded LO

Full error correction via adaptor removal technique with a mixer
Full error correction via unknown through technique with a mixer
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Timing method of measuring group delay

* Use a VSG and a VSA
« Send a “pulse” through the DUT.
« Send a marker to the VSA telling it when to start timing

 Measure the arrival of the pulse relative to the marker
» Simple subtraction tells us the transit time of the pulse

SMU 10 MHz reference out connected to FSQ 10 MHz reference in.
_ _

-
SMU marker 4 out (User BNC) connected to FSQ trigger input. \

- N\

.....

SMU signal generator FSQ signal analyzer

DUT

April 2010 - VNA-based Group Delay 7]'
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Timing method of measuring group delay

- Cautions:
» This measures the delay through the test equipment and DUT

* Normalization can be utilized to address this
* Remove the DUT, measure the starting time delta

SMU 10 MHz reference out connected to FSQ 10 MHz reference in.
_ _

-
SMU marker 4 out (User BNC) connected to FSQ trigger input. \

SMU signal generator FSQ signal analyzer

|||||||um| Years of
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Timing method of measuring group delay

- Example: Measure internal delay between marker and RF pulse
on a Rohde and Schwarz SMU Vector Signal Generator

SMU 10 MHz reference out connected to oscilloscope 10 MHz reference

SMU marker 4 out (User BNC) connected to FSQ trigger input.

SMU signal generator Tektronix TDS 5104B

April 2010 - VNA-based Group Delay 7]“
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Example: Compare Arrival of Pulse and
Marker TN

T
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Example: Compare Arrival of Pulse and Marker

/.\

_ /
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Example: Compare Arrival of Pulse and Marker

* Results of 21 manual measurements using Tek Scope:

SMI's absoluke trigger ko Gaussian pulse delay (05

U= |

| | | |

270,000 -Z2eL.000  -Z2e0,000 -255.000 260,000 -245.000
PMain Mode: awe = -2632.352 (st dewv = 2,199 ) count = 21
specification low = -2EB.220 specdificatiormigh = -249.620

. Zp = 0.546 Zpk low = 0,525 Cpk high = 0.566
e below spec low =0 abowve spec high =10

[
-2<H1.00
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““mequarsof
ROHDE&SCHWARZ  Page 30

Mll| Driving
Innovation



Example: Compare Arrival of Pulse and Marker

* Now repeat the measurement using a Rohde and Schwarz FSQ.
« Automate it this time, manual measurements take too long.

SMU 10 MHz reference out connected to FSQ 10 MHz reference in.

_ — -
SMU marker 4 out (User BNC) connected to FSQ trigger input.
F ﬁ

mr
iz

EE

R E

AEZID

TR — R
ol 3

TS| EE=E(T
a
| g

il

T

SMU signal generator FSQ signal analyzer
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Example: Compare Arrival of Pulse and Marker

* Results of 1001 “automated” measurements, SMU to FSQ

Trigger ko Gaussian pulse (nS)
30 -
20—
20—
C 15-
o
10 -
5 —_
0= | | x |
-253,000 -256,000 -254,000 Ear] e T T -250.000 -243 001
Main Maode:  awe = -262,441 (st dev = 0,735 _2ount = 1001
specification low = -284.032 spechcation high = -250.062
. Cp=0a00  Cpklow =0721 Cplk high = 1,079
—— below speclow =0 abowe spec high =0
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Example: Compare Arrival of Pulse and Marker

» This technique allows us to measure group delay with a
standard deviation that is <1 nS.

* Works well for devices that have >> 1 nS of group delay.
« Also works with frequency translating devices...

SMU 10 MHz reference out connected to FSQ 10 MHz reference in.

/ SMU marker 4 out (User BNC) connected to FSQ trigger input. \

e e T, R0 I
CeSEEl 8 EEE|EE .@ £
ST E] ™ | 3 BEER! @ [
S.E' L :,I'u — 43 ojojol} O _ @

il ] | Mo %Uqu@gﬁl © @ !
1- L] e e
AR e = e

'__I : o

de | ® 5 @

— - i ¢ £

SMU signal generator FSQ signal analyzer
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Methods of Measuring Group Delay

* Timing
« Gaussian Pulse
 FM modulation & Envelope delay

« Multi-Carrier signal and delta phase
* Network Analyzer, 2 port S-parameters

* Network Analyzer plus frequency translation, now what?
» Relative measurement with reference mixer
» LO recovery technique for embedded LO
2 tone Network Analyzer approach for embedded LO
 Full error correction via adaptor removal technique with a mixer
* Full error correction via unknown through technique with a mixer

April 2010 - VNA-based Group Delay I Years of
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FM Modulation (envelop delay) Method

Reference
(Modulating Signal)

-

FSQ signal analyzer

RF carrier
(FM modulated)

'''''''''

DUT

April 2010 - VNA-based Group Delay 7]'
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Measurement Details (envelope delay)

* FSQ can capture the FM modulated carrier within its
digital IF.

» Utilize one of the two A/D convertors

« Simultaneously, the FSQ can capture the low frequency
reference path signal, which is the modulating tone for
the RF carrier.

» Utilize the second A/D convertor

* These signals are captured and stored simultaneously
with the same capture clock.

* So we can compare the arrival time of the two signals.

IlIIlllIIlHZI Eerﬁ{l?’lgf
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Measurement Setup

RF carrier
(FM modulated)

404 MHz

A
—C———————»= 120 MHz

R&S”FSQ-B72

Reference
(Modulating Signal)

Qoadrature] T =81.6 MHz

10 MHz
20 MHz

Block diagram of vector signal analysis section in the RS FSQ.
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Measurement Setup

* This is a technique that is similar to the Gaussian Pulse.
« We still have the ability to test frequency converting devices.

|||||||||n|| Years of
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Methods of Measuring Group Delay

* Timing
« Gaussian Pulse
 FM modulation & Envelope delay

» Multi-Carrier signal and delta phase
* Network Analyzer, 2 port S-parameters

* Network Analyzer plus frequency translation, now what?
» Relative measurement with reference mixer
» LO recovery technique for embedded LO
2 tone Network Analyzer approach for embedded LO
 Full error correction via adaptor removal technique with a mixer
* Full error correction via unknown through technique with a mixer

@ April 2010 - VNA-based Group Delay Tl:::ilum \[f)?arsn of
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Multi-carrier technique

« Up to now we have been “timing” the arrival of the signals as a method of
measuring the “group delay” directly.

« An alternate approach exists if we look at the phase shift of multiple carriers
across frequency instead of directly at the timing of the signals.

4 A
cos((f, ®t) + ¢,in) cos(( f, ®t) + p,out)

bt el ,

cos((ﬁ o 1)+ @,in) coS ((fl_o t)+ pout) _

Af=f1-f2 A =(p2out — @1out) - (p2in — @1in)
T = _ 1 [ ] A¢
360°  Af

April 2010 - VNA-based Group Delay 7
ROHDE&SCHWARZ Page 40

'Illlnmnm Years of
Driving
Innovation

'lII;::”H“'



Multi-carrier technique

* And we can inject more than two tones. We can use as many as we like to
make a very quick wideband measurement.

Measure phase Measure phase 1 Ag
of each carrier of each carrier T = °

at input to DUT at output of DUT 360° A

Input multi- DUT

carrier signal

April 2010 - VNA-based Group Delay 7l|
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Multi-carrier technique

 We are measuring phase shifts across frequency instead of
“timing”

 We do not really have to measure the phase of the carriers at the
input to the DUT. We can normalize the results instead

* Frequency converting devices are still an option

* But notice, no reference path or connection is needed between the
input and the output of the DUT. This is new. Note this, we will use
it again...

Input multi-
carrier signal

April 2010 - VNA-based Group Delay |||||::::””" \[f}ea(s of
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Methods of Measuring Group Delay

* Timing
« Gaussian Pulse
 FM modulation & Envelope delay

« Multi-Carrier signal and delta phase
* Network Analyzer, 2 port S-parameters

* Network Analyzer plus frequency translation, now what?
» Relative measurement with reference mixer
» LO recovery technique for embedded LO
2 tone Network Analyzer approach for embedded LO
 Full error correction via adaptor removal technique with a mixer
* Full error correction via unknown through technique with a mixer

@ April 2010 - VNA-based Group Delay Tl:::ilum \[f)?arsn of
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Vector Network Analyzer

« Traditionally:

» A Vector Network Analyzer is an ideal instrument for making magnitude and phase
measurements.

« It can easily make group delay measurements.
* It is optimized for speed.
 Offers full error correction.

LF

L |1 IrII;

ar (] 1]

1| 1u“nl 1]

SEEE | F- | 4R )
Bl

= = @l

| [

_

|
| }'I

This is the instrument we
have been looking for...

|||||m|| Years of
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Vector Network Analyzer

* So what is the drawback?
* Input and output frequency to the DUT have to be the same.
» Doesn’t work with mixers, amplifier harmonics, doublers, prescalers...

« So far every other method we discussed was able to
handle frequency translation...
» But they did not offer full error correction.

» Of course we want to combine frequency conversion with full
error correction. So let’'s move in that direction.

'Illl[lllll[\il Eeri{l?’lgf
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Methods of Measuring Group Delay

* Timing
» Gaussian Pulse
 FM modulation & Envelope delay

* Multi-Carrier signal and delta phase
* Network Analyzer, 2 port S-parameters

* Network Analyzer plus frequency translation, now what?
* Relative measurement with reference mixer
* LO recovery technique for embedded LO
2 tone Network Analyzer approach for embedded LO
 Full error correction via adaptor removal technique with a mixer
* Full error correction via unknown through technique with a mixer

April 2010 - VNA-based Group Delay " Years of
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VNA plus frequency translation

* Add a reference (mixer) path

» Reference mixer provides a “phase reference” at the IF frequency.

 As a reference path, it needs to have linear phase & flat group delay response
 Now we can make measurements looking at phase shifts through the DUT
» And we can calculate the group delay “relative” to the reference path.

2 weay spli

“ 2 way spht

|||||||u|m Years of
nllw“| Driving
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VNA plus frequency translation

- Calibrate with a “golden” mixer Reference mixer here

ey

2 way split .
Golden mixer here

Measure b4/b2

Save the results (data -> memory)

April 2010 - VNA-based Group Delay 1'
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VNA plus frequency translation

« Then Measure DUT Reference mixer here

2 way split

Results of the b4/b2 measurement is

@; rorT__ the DUT’s performance relative to the
- - 4

= Golden Mixer’s performance.

%(%_ +® (not the reference mixer...)

2 way split

Golden mixer is
replaced by DUT

Measure b4/b2 after normalization

(data = data / memory)

April 2010 - VNA-based Group Delay 7l|
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VNA plus frequency translation
* Drawbacks of reference mixer approach

 Normalized measurement, can’t achieve full error correction
* Need access to the LO of the DUT for the reference path

* But, this is perfect for making deviation from linear
phase measurements.

» Easy to setup, especially on a four port network analyzer.
« Easy to normalize. Wizard available from R&S.

IlII[llIIlH[I Eerﬁ{l?’lgf
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Methods of Measuring Group Delay

* Timing
» Gaussian Pulse
 FM modulation & Envelope delay

* Multi-Carrier signal and delta phase
* Network Analyzer, 2 port S-parameters

* Network Analyzer plus frequency translation, now what?
» Relative measurement with reference mixer
* LO recovery technique for embedded LO
2 tone Network Analyzer approach for embedded LO
 Full error correction via adaptor removal technique with a mixer
* Full error correction via unknown through technique with a mixer

April 2010 - VNA-based Group Delay =L Years of
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VNA plus embedded LO: LO recovery

» Without access to the LO, one option is to create an external LO
signal, and adjust its frequency until it matches the embedded

LO’s frequency.
* This can work if the embedded LO is very stable.

oo

5 18
=

|||||||1|\|| Years of
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VNA plus embedded LO: LO recovery

* Drawbacks of LO recovery

 Normalized measurement, can’t achieve full error correction

* LO needs to be very stable.
* Preferably it will share a 10 MHz reference with the VNA.

* More effort to “find” and adjust to the LO frequency.

'Illl[lllll[\il Eeri{l?’lgf
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Methods of Measuring Group Delay

* Timing
» Gaussian Pulse
 FM modulation & Envelope delay

* Multi-Carrier signal and delta phase
* Network Analyzer, 2 port S-parameters

* Network Analyzer plus frequency translation, now what?
» Relative measurement with reference mixer
* LO recovery technique for embedded LO
» 2 tone Network Analyzer approach for embedded LO
 Full error correction via adaptor removal technique with a mixer
* Full error correction via unknown through technique with a mixer
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VNA plus embedded LO: two tone approach

» Without access to the LO, a second option is to use two tones to
make the measurement.

V X Cos(fy + f,0) #1)+ @0t +9,,)
COS((fz°l)+(02il’l) ] % % -

b ele Lt

cos((f, o1)+ jin) . cos(((f; + o) #1) +Pout +¢,)

» As before, we compare the phase of the two tones before and
after the DUT. The shifts tell us the insertion phase of the DUT

A@ = (pTout + @LO- @2out - LO) - (p1in - @2in)
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VNA plus embedded LO: two tone approach

* Technique is similar to the previously described approach using
a signal generator and a spectrum analyzer.

« When adapted to a dual source VNA, however, it is much more
compelling as a single box approach, completely automated.

A

A

cos((f; ®1) +p,in)

ROHDE&SCHWARZ

ot -

cos((f; #1)+ gjin)

T

~

—

A

A

COS(((fz + fL()) *f)+ pout + (PL())

bl

cos((/; + ) *1)+ poui +py,)

>
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VNA plus embedded LO: two tone approach

I ®RDHD!‘SG"W‘RZ 2ZVA 24 VECTOR NETWORK ANALYZER 10 MHz ...24 GHz
1 s

|EEmem LD
OO )
OO doo)

|m ()
O

* This approach can tolerate a
large amount of LO drift.

OO 0000 /N l
e ()]
OO0 0D00O

» Also works very well with |
multiple conversion stages in . »>
the DUT. i —

a
1
[
(] |
[
[
[
[

cables to use ZVA's

coupler as combiner %

e ]

cos(((f + fr0) ® D) + prout+¢,,) attenuators

cos((f, #0)+pyin) | %

ot - le -l

&

cos((f; #1) + pin) . cos((; + /)8 0) + pout + )
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VNA plus embedded LO: two tone approach

« Advantages of the two tone approach
* Much more tolerant of a drifting LO

* No need to “find” and estimate LO frequency to a high degree of
accuracy

« Simple to setup and start a measurement
* There is no “reference” path
 Ability to measure absolute delay by using a calibration mixer

] " mormAaseaRE 2ot veorm e e o '
@Eesm 0D
e/C00 | CEn
= OO0 OE I
a [}
[ | S [ o [ o [ o
il e/000 l
B CIEE====tqy
e OO0 0000 ‘
11— 2111111 4 118 =
o=@ ® O @y
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Methods of Measuring Group Delay

* Timing
« Gaussian Pulse
 FM modulation & Envelope delay

« Multi-Carrier signal and delta phase
* Network Analyzer, 2 port S-parameters

* Network Analyzer plus frequency translation, now what?
Relative measurement with reference mixer

LO recovery technique for embedded LO

2 tone Network Analyzer approach for embedded LO

Full error correction via adaptor removal technique with a mixer
Full error correction via unknown through technique with a mixer

April 2010 - VNA-based Group Delay Tl:::?n_lll B?arsrl of
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VNA plus full error correction

* This approach uses the “adaptor removal” technique of calibration.
» Calibrate port 1 twice, once without the calibration mixer, a second time
with it.

* Requires a “reciprocal” mixer

* This provides the VNA with knowledge about the mixer so it can be
“subtracted” from the calibration.

* One reference mixer is utilized to provide the IF with a phase reference.

Setup to characterize the mixer Setup to calibrate the analyzer

'Illl[lllll[\il Eerﬁ{l?’lgf
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Methods of Measuring Group Delay

* Timing
» Gaussian Pulse
 FM modulation & Envelope delay

* Multi-Carrier signal and delta phase
* Network Analyzer, 2 port S-parameters

* Network Analyzer plus frequency translation, now what?
» Relative measurement with reference mixer
* LO recovery technique for embedded LO
2 tone Network Analyzer approach for embedded LO
 Full error correction via adaptor removal technique with a mixer
* Full error correction via unknown through technique with a mixer
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The New R&S Solution — Test Setup

« Re-conversion of IF
frequency at Port 2 back to
RF frequency

» Use of same LO for
reconversion and for mixer
under test (MUT)
(eliminates LO phase and
frequency shift)

* Filter to select desired IF-
band

April 2010 - VNA-based Group Delay 7
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Ref. Receiver (f1) (AN 0
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reverse f2 £2
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Filter
Meas. Receiver (f1) | %
® |
Ref. Receiver (f1) -
MUT
f2
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forward f1 PORT 1 @
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VNA plus full error correction

* This approach uses the
“unknown through” calibration
technique. P -

A pair of auxiliary mixers
provide the IF receiver with a
phase reference.

* Unknown through requires a
reciprocal mixer during the
“through” calibration.

|“mHmHYbarsgf
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VNA plus full error correction

&

Trc3 [51Zi Delay 100 ps/ Ref500 ps Cal 2 of 4 (Max)
Trc4 S} Delay 100 ps/ Ref500 ps Cal

— 900

— 800

— 700

— 600

— 50 YWNW . ’
400 WM Wv

— 300

f;

— 200

— 100

Ch2 MixFrg RF Start 1.8 GHz Pwr -30 dBm Stop 2.5 GHz
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Methods of Measuring Group Delay

Review of the methods

e Timing
» Gaussian Pulse
 FM modulation & Envelope delay

« Multi-Carrier signal and delta phase
* Network Analyzer, 2 port S-parameters

* Network Analyzer plus frequency translation, now what?
» Relative measurement with reference mixer
» LO recovery technique for embedded LO
2 tone Network Analyzer approach for embedded LO
 Full error correction via adaptor removal technique with a mixer
* Full error correction via unknown through technique with a mixer
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Z\VA-K9: Mixer Group Delay
Measurement without LO Access
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7 !llﬂ“”H“' E}rrll\g\r/]gtion
&

Y ellY Real

Mem4[Trc2] [ielY Real

\

\
\
\

M2

\

#20 GHZ
000 GHz

38.058
30.238 1)

AU74¥0
4200

Y

M4 5 ag
M-1+-5-467

290 g0c
32:965

26-GH:
H:

4 A
42994

*M2 5.420(
3 54299

00 GHz
11 GH:

ROHDE&SCHWARZ

Ch1 MixFrq RF Center 542 GHz - — Pwr 10 dBm
Ch2 MixFrq RF Center 542 GHz — — Pwr 10 dBm
Ch5 MixFrq RF Center 542 GHz — — Pwr 10 dBm




Group Delay — Two Tone Method (Patent Pending)

cos ((f; *1) + @,in) cos((f; *1) + ,out)

bt el

cos ((ﬂ °1)+ @in) coS ((flo t)+ @out) v

* Two signals at frequencies f1 and f2 injected into the DUT
* Phase shifts at the output due to the phase response of the DUT
Af=f1-f2 Ap =2 -0l
T = _ 1 o A¢
360°  Af
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The Measurement (Patent Pending)

» Stimulation with a two carriers f1 and 2 (=f1+Af)

 Measurement of phase difference of the input signals
(p1in - @2in)

* Phase shift of ¢p1out and ¢@2out due to the phase
response of the DUT

 Measurement of phase difference of the output signals
(p1out - p2out)

» A = (p1out - p2out) - (p1in - @2in)
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The Measurement of a Converter

cos(((f> + fr0) ®t) + pout +¢,,)

&

cos ((fs #0)+sim) =] %

R

cos((f1 ®t)+ @,in) | cos(((/, +fLO).t)+¢10ut4;¢L0)

« Any LO phase is added to ¢1out and ¢2out by same amount

* The difference of p1out and @2out is independent of the LO phase

» A = (p1out +@LO- p20ut-QLO) - (¢p1in - ¢2in)
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Digital Dual Receiver Frontend of ZVA

Example:

“a” Receiver =
Ref Receiver

sampling
rate
80 MHz

IFBW

1 mHz...5 MHz (15 MHz)

QR
[ ] [ ]
—
- 1
% _40 > a
dig.
RF Trigger |nterface
——— >
ext. TriggerI >
. . SSRAM
int. Trigger I
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Using ‘ Wave Quantities

analog bandwith of IF- path digital IF-filters

”m i

: eV

AN

N4

&
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The Measurement

 Measurement of phase difference (p1in - ¢2in) of both input
signals with dual receiver frontend of Port 1

» Analog down conversion to IF (20 MHz) with LO2 (=LO1-LO)
(to measure f1 and f1+df)

* Digital down conversion to IF (0 Hz) with 2 numeric controlled
oscillators (NCO), frequency offset = df

* Measurement of phase difference (p2out- p2out) of both input
signals with dual receiver frontend of Port 2
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Accessing ‘ Wave Quantities for Measurement

Define Ratio Define Ratio

Murreratar v 1 v MNumeratar: v bl v

Denominator, |+ g1 w Denominator. (v B2 v
(¢1in - @2in) (p1out - p2out)
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Wave Quantities and Ratios

More Waye Quantities
‘Wave Cluantity: | % b|/1 v
Fort Cunfiguratim-i
E. ysical Ports
T
301 i 2
Lagical Parts

Balanced and Measured Pors..

ES]

More Ratios [:] rZ|
Defing Ratio
Denominatar, | a' |1 v‘
a
Fort Cum‘iguratium
a'I
p'|Physical Ports
= 1 4 2
3 1 4 2
Lagical Parts
’ Balanced and Measured Ports... ]
Froperies
Fatio: alfa'l Source Part:

Detectar eas Time: |0s :#H

Lo | |

Cancel ] ’ Help ]
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PORT 2 f2

/VA Basic Test Setup:
External Power Combiner

[ f2 f2+d

dig. ref. rec
Port 1
LO1 LO -
NCO1+df @ @‘
RF
4_
- PORT 1
/4
<
NCO1 Srcin
Source 2 °
. f1 e Srcgut
T 4
. f1+df e -
hd N
Source 1 "°R‘T
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The ZVT20 Setup (with Internal Combiner)

Z\NT20

-
“ PORT 1
N

Close-up View:

o Fovar | +——

[ Ref. Receiver |
Ref. Receiver 41 PORT 4
AN (

j PORT 5 L02
b AN

C_ 1 N

T

[ Ret.Receiver |
Ref. Rec:lver ? PORT 2

L1 S
e
‘—’_L PORT 4
X
I Ny
-

L] N

: E{ Gepffrator 1

PORT 1

ZVT20-|

rc2

PORT 3 GeNgrator 2
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The ZVA Setup with Internal

Coupler (as Combiner)
l fI:fZ f2+df
/ PORT 2
Ny 3
N(:01P::t1 g‘ @
1
N UEiSIan
NCO1 % \_  rorr1 [ 1 fl+df
e Note: This Setup NOT
o recommended for low-freq IF
@— grq\ / upconverters (70, 140 MHz)
ZVA N due to Coupler Loss
s
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Calibration

« Calibration with known Cal Mixer

« Calibration with ideally assumed Cal Mixer
e.g. ZX05-153 (400 ps delay)

_—

 Normalization at RF frequency
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The User Interface

Define Mizer Delay Measurement without LO Access

Source Receiver
Lower Tone: Fort 1 DUT Connections

Upper Tone: Feceiving Fart: Fort 2

Driving Port; Fart 1

Config Ext Generatars. . ]

Aperure: |1 0 kHz |: £ |v| beas Bandwidth: |10 kHz |: iy |v|

bMeasurement Bandwidth must be greater
than LO deviation from nominal valuel

beasurement Type

[ Load Correction Data... ] [ et Frequencies and Powers...

iﬂxbsulute tdeasurement

)8 \ [ Cancel ] ’ Help
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Verification

1. Measurement of group delay of the filter without mixer
using full two port calibration

IR
Q—%—.

2. Measurement of converter (mixer + attenuator + filter )

« Attenuator to avoid that mismatch influences the transmission
behavior due to mixer mismatch

« Attenuator has about 40 ps of group delay

10 dB %
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Measurement Result

Trc Delay  Trc2 Real 2
Mem3[Trc1] Delay Mem4[Trc2] )Y Real
Trc6 MixDIyBRGEl Mem7[Trc6] Real
Green: MixDly ;\ /\
— 50
Filter without mixer (2-port cal) \ / \

Blue: - T N w7 || e

Converter with calibration with

| \ )
Iinear mixer —25 Mt 5407826 GHz 38058 s M T 5407486 GHzZ 37 #2215

/ M2 5.420000 GHz | 30.238ns M2 5.4200§0 GHz 30.124 ns
— 20 A3-54299H-GHz1-32:965 11— M3 42991\ BHz—32p65n1s
— 15 MA-5-407426-CH=13+970+ \v

*M 2 5.420000 GHz |30.174 & K \

- | M3 5429911 GHz (33 037 ]
LI L U
Ch1 MixFrg RF Center 542 GHz — — Pwr 10 dBm Span 100 MHz
Ch2 MixFrq RF Center 542 GHz — — Pwr 10dBm Span 100 MHz
Ch5 MixFrg RF Center 542 GHz — — Pwr 10 dBm Span 100 MHz

1/16/2009, 3:44 PM

!
&
|

10dB %
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Advantages

* Independent of drift of internal LO
* LO has only to be within the IF bandwidth of the ZVA

* Independent of LO phase noise
« Cancelled out because it acts on both carriers the same way

* Ideal for converters with multiple mixer stages

* Independent of thermal drift of test equipment
* Only relative measurements
* Interesting for measurements in thermal chambers

* No additional external components necessary

* Instead of using an external combiner, the internal coupler can be used
as well.
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Non-Linear VNA measurements

* The VNA can now do it all
« Harmonics of a signal
 Compression: AM/AM, AM/PM and AM/DM distortions
« Two tone intercept points, 3@ and 5" order distortion
» S-functions: Generalized non-linear S parameters
» Dynamic Range: Measure Noise Figure and TOI

* No limitations to the type of DUT
* Measure amplifiers
« Mixers
» Doublers
* Triplers

'Illl[lllll[\[l Eerﬁ{l?’lgf
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Required ZVA Configuration:

 R&S network analyzer with 4 ports ZVA or ZVT
* Direct generator receiver access ZVA-B16

* Frequency conversion ZVA-K4

* Mixer group delay without LO access ZVA-K9
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Conclusions

* A number of different techniques have been
employed for making group delay measurements

* The new VNA method derives from established
techniques, but makes the measurement task
much easier, particularly for frequency-converting
devices without LO access

i e
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Calibration M
Tre dB Mag 10 dB / Ref0dB 1 dB Mag 5dB/ R& Tre6 ] Phase 45°/ Ref0° 2
511 M 1| 7.414094 GHz -14.129 dB 8 Delay 1ns/ RefOs
10 M2l 8145870 GHz 710197 B M 1| 7.414094 GHz -4/9609 dB
— 0 2 < n\'\"j M 1| 7.414004 GHz 139.03 °
M 1 — YK ST |
—10 Iy — 5 v | M2 ,)J >
.20 ﬁr\ T ——f————— |
- -30 o <
- 40 iy —
\
- -50 L5
— -60 3
70 - -4
Ch1 Start 7.2 GHz Pwr 0 dBm Stop 9GHz Ch1 Start 7.2GHz Pwr 0 dBm Stop 9 GHz
Trc4 dB Mag 10dB/ Ref0dB Tre7 Phase 45°/ Ref0° 3 Trcs dB Mag 5dB/ Ref0dB 4
M 1| 7.414094 GHz -4/9659 dB M 1| 7.414094 GHz -17.949 dB
180 M2l 8145870 GHz 613891 dB —— M2l 8145870 GHz 717808 dB-|
M1 M 1| 7.414094 GHz 139,03
— 15—y 2 M-21-8:-445670-6Hz—35-016—4¢ |— 0
— 90 — .5 M2 —
M2 L___,__/\/*-’ —
— 45 - 10
\\ \/\/\/
— 0 4 -15 V-1
— LA
__45 -
— [
— 90 —-25
—-135 ] - ]
« Calibrated using a UOSM technique
Chl Start 7.2 GHz ° Group delay: 400 ps Stop 9 GHz

 GDL Ripple: 180 ps (Pk-Pk)
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