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The Application of Vector Network Analyzers in Balanced Transmission Line
Signal Integrity Measurements
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Introduction
What is Signal Integrity (SI)?

* An Engineering Practice

— That ensures all signals transmitted are
received correctly

— That ensures signals don’t interfere with
one another in a way to degrade
reception.

— That ensures signals don’'t damage any
devices

— That ensures signals don'’t pollute the
electromagnetic spectrum
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Introduction
Components of High Speed Design

v Transmitter / \ v’ Receiver

v’ Interconnect
* Transistors - Circuit .ele.men.'rs . Transistors
- Sources * Transmission lines . Passi
- Algorithms - S - parameter blocks assives
g P - Algorithms

* Passives
. Memory \ j Memory
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Introduction
Components of High Speed Design

41 =5 o SIGNAL INTEGRITY

SIGNAL INTEGRITY SIGNAL INTEGRITY
IMPEDANCE CHANGE CROSSTALK

Cross-Over Capacitance
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The Application and Advantages of Balanced Transmission
Lines

Shielded Quad Data Cable (Fiber-Channel)

%m HARBOUR INDUSTRIES DATA MASTER Q150-26(19)-S5/T

Pair 1
_/ (Stranded
%%, Conductors)

Shielded twisted pair
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Outer
Jacket

(Stranded
Conductors)
Some EIB.I'I"IF'ES of the tjl"pES of differential
transmission lines that can be constructed on PCBs
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The Application and Advantages of Balanced Transmission

Lines

Example of a low-cost stack-up
that uses homogenous (nen-woven) layers
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Reference planes /' +/ - + -
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Maintaining trace pair symmetry (balance
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Shielding a
differential stripline

(A “wall' of via holes|
along both sides

Some examples
of unbalanced stray couplings

P
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Important Parameters and Characteristics for Balanced
Transmission Lines

Diff pair Diff pair
port 1 port 2
Two, single ended transmission lines with coupling Stimulus
1 2
Differential signal Common signal
3 4 port 1 port 2 port 1 port 2
) , ) s |rot1 | soDn sppi2 speir spe
One, differential pair g
Diff pair Diff pair @ |£5|mr2| soom sopzz  spcz spoz
port 1 port2 %
@ | _ |e1|scon scoi2z  sccil sceiz
25] =]
Twe equivalent views. = | ET
8% |ronz| sco21 scp22  SCC21 SCC2

Differential § parameters
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Important Parameters and Characteristics for Balanced
Transmission Lines

E -Field Lines ——— 'H - Field Lines

Cross section of a planar balanced transmission line

L~ Magnetic Wall

-
o | B S

el
i i

~ Elsetric Wall

/ﬁ_\v-' “w*w(\\ I,r_‘_‘h\
” upLsT
AT

b
— E-Field Linas —— - H-Field Lines

Cross section of a planar balanced transmission line, with
electric and magnetic field lines

a: Even or common mode

b Odd or differential mode

AVAYie ~\/\v

Diffierential Mode Signal

VaVaC B SVAVA
AVAVE IS

Commaon Mode Signal

/\/\/'— —i
a

VA ~"\/\v

Differential Mode Signal

VAVALS gl
AVAVie —

Commaon Mode Signal
b /\\/\/ 7 L

ldeal balanced devices:
a: Fully balanced
b Balanced-to-single-ended
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Important Parameters and Characteristics for Balanced
Transmission Lines

Even Mode (Field)

L) =

//////////;*///////////
H-wall

L, _ |L+L,

I|I Ll

“e=c V. T\ ¢
VC, 1G V G

11

Discover What's Possible™ /II'II'I tSU



Important Parameters and Characteristics for Balanced
Transmission Lines

Odd Mode (Field)

+ -V 2Cy 2Cy
/[ / o
e AT S 8
—
1/
////J’//////{//////L/)/ :> ~ hd T
E-;wall

| L, ||I L-L, _ ||I L-L,

© VG,V Ce+2C, | Coe+2C,

1 )

—} for homogeneous medium

V Y =
S L
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Important Parameters and Characteristics for Balanced
Transmission Lines

o ,,5;- nl':n — Propagation equation
3 Lo y =J(R+ joL)(G+ joC) =a+ jB
T o is the attenuation (loss) factor

o 0 B is the phase (velocity) factor
Characteristic Impedance equation

ZO:\/(R+ Jol)
(G+ joC)

> Propagation delay per unit length (T,)
{timeldistance} [pslin]
> Or Velocity (v,) {distancel time} [inips]
> Characteristic Impedance (Z,)
> Per-unit-length Capacitance (C,) [pflin]
> Per-unit-length Inductance (L) [nflin]
> Per-unit-length (Series) Resistance (R,)
[Wiin]
> Per-unit-length (Parallel) Conductance (G,)
[Slin] 13
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Important Parameters and Characteristics for Balanced
Transmission Lines

* Knowing any two out of Z,,
T, C, and L,, the other two
can be calculated.

« Cyand L,are reciprocal
functions of the line cross-
sectional dimensions and
are related by constant .c.

¢ is electric permittivity
go= 8.85 X 10-'2 F/m (free space)
g, 1 s relative dielectric constant

u is magnetic permeability
Lo=4p X 107 H/m (free space)
L, is relative permeability
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Important Parameters and Characteristics for Balanced

Transmission Lines

Measurement of Characteristic Impedance Z,

A: Terminated in Fo

$Z¢TL
-

A1 B1
@Ef -
S11

Y

Measure S11 with Far End
Terminated in Z,

-+
Z, 5 - j__*;z * Zo

@_@J L_é B Shore Cien

511‘—

W} | C: Open Circuit
TL

B1 —

S11=—
A1

Measure S11 with Far End
Terminated in Short Circuit

z,, - 1S % 7
1 — 811
Measure S11 with Far End
Terminated in Open Circuit
z, _ 1S % 7
1 — 811
ZO_TL - \/ Zoc * Zsc
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Important Parameters and Characteristics for Balanced
Transmission Lines
Measurement of Reflection Characteristics

Reflection Coefficient=p = Syl,1 =b, / a; = reflected / incident

Voltage Standing Wave Ratio = VSWR = 1+]Sy1p1 |

1-|Splpl|
Return Loss (dB) =- 20 log,, (| Splpl |)
[Structural Return Loss (dB) ]

A1 B1
@_@J Terminated in Lo
s ; X l Iy
B1

$ Zon
-

511 = —
A1 16
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Important Parameters and Characteristics for Balanced
Transmission Lines
Measurement of Transmission Characteristics

Single Pair Measurements

Insertion Loss (dB) = 20 log,, (| Sp2p1 | ) [ Log Magnitude |
Attenuation (dB/in) = 20 log,, (| Sp2p1 | ) / (Length of Transmission Line)
Delay (ns) = (Sp2p1) [Group Delay]

s21 = B2 B2

A1

A1 B1
@_@J | Terminated in Lo
S | }{ I zn_‘n_ l_.."l
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Important Parameters and Characteristics for Balanced
Transmission Lines
Measurement of Transmission Characteristics

Single Pair Measurements

Delay Skew (ns) = (S31) [Group Delay] - (S42) [Group Delay]

A1 B1 S31 = ﬂ B3
A1
@ Terminated in Fo
- R ——
zﬂ_‘l’L
@_ ! 5 | — |_‘\
[ $ B4
Qﬁ 542 = E
A2 B2 B4
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Important Parameters and Characteristics for Balanced
Transmission Lines
Measurement of Transmission Characteristics

Two Pair Measurements
Near End Crosstalk (NEXT) (dB) = (Sp3,1) [Log Magnitude |

A1 B1
t—; Terminated in Zo
@5 - |
l Zon % Zyn
A2 B2 , -
SDBD 1 = B3 - B4
B3 A1 - A2
L?% Terminated in Zo
—2
oy % zﬂ_""— % zn_n_
]

[%
19

B4

Discover What's Possible™ /II'II'I tSU




Important Parameters and Characteristics for Balanced
Transmission Lines
Measurement of Transmission Characteristics

Two Pair Measurements
Far End Crosstalk (FEXT) (dB) = (Sp3p1) [Log Magnitude ]

A1 B1
l—é Terminated in ¥o
@fajJ R ERERe
l z’"‘L % ZD_TL
—, ' - ll
A2

B2 _ -
SDSDl = B3 - B4
A1 - A2 B3

Terminated in Fo

B4 20
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Important Parameters and Characteristics for Balanced
Transmission Lines
Measurement of Transmission Characteristics

Multiple Pair Measurements

Power Sum - NEXT (dB) =X NEXT Reference Pair to All Other Pairs
Power Sum - ELFEXT (dB) = 2 FEXT Reference Pair to All Other Pairs

TECHMNICAL DATA ELECTRICAL

FREQUENCY Imsertion Loss RL SRL PS-NEXT NEXT ELFEXT PS-ELFEXT
(MHz) (dB./100 m max.) (dB min.) (dB min.) (dE min.) (dB min.) (dB min.) (dB min.)
1 2 20 25 523 63.3 63.8 60.8
4 4.1 22 25 52.2 s55.2 51.7 4g.7
10 6.5 25 25 47.3 50.3 43.8 40.8
16 8.2 25 25 44,2 47.3 338.7 36.7
20 E 25 23 EVN 45.8 ERY; ELY
31.25 11.7 23.6 23.6 39.8 42.9 33.9 30.9
52.5 i7 2i.5 2i.5 35.3 38.4 27.8 24.8
i00 22 20.1 20.1 32.3 35.3 23.8 20.8
150 27.5 ig.8 12.9 20.7 22.7 20.2 17.2
200 32.4 18.0 18.0 27.8 20.8 17.7 14.7
250 36.9 17.3 17.3 26.3 259.2 15.8 12.8
IMPORTANT: Bark-Talk parformanca antaes ara basad on swapt-fragqu s tasting and apply to all fragu = for tha an =pacifiad
Frequen y [al?ge an_d areﬂnot limitad to the tables OF data shown U’.Ihl h are |:|re ented to dnlalrnon strate our guarantee at " repre entatl =" 21
frequ es. Values above 100 MHz are for engin ng information. Other jacket colors available.
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Important Parameters and Characteristics for Balanced
Transmission Lines

Measurement of Longitudinal Balance

z
L1 W
- é}“ DUT |F %
v

L1 L ———.
G_% i 4 b =
TS
e = — ~
| One-port Balance Test
AR My

Balanced Circuit

L1
C=:i| DuT
v

!t‘l.
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Important Parameters and Characteristics for Balanced
Transmission Lines
Single Ended S-Parameters
S 2 g

Incident Transmitted

a, g

q > Z-II
- =11 L.
Forward Reflected 2z-| Load
b, as=(

o = Reflected

Incident

Incident

G Transmutted
2 =

Incident

Transmitted

Incident

b, Transmitted Sz Incident

e Traditional S-Parameters
e All Measurements Use Ground as the Return (Common Mode)
* Balanced Lines and Devices Measured One Side at a Time
* Delay Skew is Based on Single Ended Measurements
23
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Important Parameters and Characteristics for Balanced
Transmission Lines
Common Mode S-Parameters

Port1 — —— Port 2 2-Port __ 2-Port
DUT VNA P Differenta = UNA
- | I ouT
& 3 _
For single-ended 2-port VNA.
Bl S Si2 Siz Sis]ae 4-Port_| P Difterentia E'L;won
by} 1531 S3p S33 S3g03

b 5 50 5 5 a
4 4l T4 Tas taali Far differential-ended 4-port VNA.

« Balanced Transmission Lines / Devices Treated as a 4 Port
* Ground is Common Return For All Ports (May be Virtual)
« Each DUT “Port” 1s Connected to a VNA Port Center Conductor
* Delay Skew Can Be Derived From Common Mode Measurements
24
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Important Parameters and Characteristics for Balanced
Transmission Lines
Differential Mode S-Parameters

Port 1 DUT Port 2 _

—

Spp11 Sop12

sport P Differential EIL}d—Port

WA T IEgl  DUT g VNA Sop21 Sop22

For differential-ended 4-port VNA.

« Balanced Transmission Lines / Devices Treated as a 4 Port
* Ground is Common Return For All Ports (May be Virtual)
« Each DUT “Port” 1s Connected to a VNA Port Center Conductor
* Delay Skew Can Be Derived From Common Mode Measurements
25
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Important Parameters and Characteristics for Balanced

Transmission Lines
Mixed Mode S-Parameters

, differential-mode - a, 1 -1 0 0aq
B pors st a,| 10 0 1 -1faq,
_ I ’ ‘_\ a | V2[1 1 0 0faq
: a 0 0 1 1]|a
Port 1 pDuT Port 2 v -—?ms;bw L L | 4, ]
CUTRETN -'vm.iﬂmz B n B _ -
] - Mixed-Maode | O b R K
2-Port b,| 110 0 1 —1}b
ﬂcm,rfzﬁ-ﬁ-l"- . Wibmld bfl - ﬁ 1 1 0 0 bi
4—Pnn{=l P1 Differential P2] I=}4-Port b’"";""“"_ | _-':n_;u- 1B, | [0 0 1 2. ]
VNA =7 153 DUT Ba)l VNA k /
' 5,1 [Ts.. sw] {s s T[a.
coxmmon-mode ‘
For differential-ended 4-port VNA. _ | pors b | |15 Sia) L[S S]]
Coneepiual diagram of mired-mode two-podt. bd S.m *S:.nz S..u S“lz a,
b Sm,:1 S ] [S S a,
Balanced Transmission Lines / Devices Treated as a 4 Port
Ground is Common Return For All Ports (May be Virtual)
Each DUT “Port” 1s Connected to a VNA Port Center Conductor
Mixed Mode Parameters Include Important Mode Conversion
Parameters , Differential Mode Common Mode 26
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Important Parameters and Characteristics for Balanced
Transmission Lines
Mode Conversion

M-parameters for the differential mode: Conversion parameters for the differential mnto the

:T/ /r; common mode:

1 4+ . . , y
Differential- _ My = 3 (S11 + S22 — S12 — 51) M& = 3 {511 — Saz — S12 + Sa1)
System M za _ 1 o 1 , , ,
yatem \ / -'w]z = E (S13 + 524 — 514 — 5a23) "H] 2 = 7 (S13 — Sa2s — 514 + S23)
AN i3 N 1., , , , pes— 1 , . .
\\:_ .'1'12] = E {,‘)31 -+ A()_gg - A‘)_u - “)32) .1|..'f21 = E ‘:1‘)3] — 1‘)42 + 1‘)4] — 1‘)32)
\ 1 4o l o o o L
\\ My = 5 (S35 + S4a — 534 — Saz) Mo = 3 (523 — 524 — Sz4 + Ss3)
& M-parameters for the commen mode: Conversion parameters for common mto the
; | differential mode:
-_ M7, = = (51 + 823+ 512 + 521) 1
/{ Lommen B 2 M;m = 5 (51— S22+ Si2 — S21)
My Made— v — Lig , , , 2
W L= Crpo it ¥y = 5 {.‘}13 -+ fJg_; -+ f‘}]_i -+ .‘)23) 1 , , , ,
’ o F1 v System 1 Mpsm = ) (S1z — Szs + 514 — Sa3)
nversion Mz = = (531 + Saz + Sa1 + Saz) 1
S O Modes /e S Mar™ = 5 (a1 = St = Sar + 5aa)
Mz = — (833 + Sas + Sas + Sa3) . 1, i ‘ i
2 My = 3 {533 — Sz + S34 — S13)

Signal flow diagram of the nmlti-mode parameters

« Balanced Transmission Lines / Devices Treated as a 4 Port

* Ground is Common Return For All Ports (May be Virtual)

« Each DUT “Port” 1s Connected to a VNA Port Center Conductor

* Mixed Mode Parameters Include Important Mode Conversion
Parameters , Differential Mode Common Mode 27
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Techniques Used to Connect Vector Network Analyzers (VNA) to
Balanced Transmission Lines

Port 1

9 ¢

2
YINA

Test Ch b1 Test Ch b2 Measuremant recaiar

Port 1 Port 2 Referance recaivar

sll

i

fPEIHH

Po
Sﬂ
S'z
| Receivar Rieceiver 1
| Part 1 Port 2 |
[ | Bedgel Ericign/ "/
Couplar Reference Couplar | Meaauremant recsioer
Raceaiver
1 Referance raceiver
e
_ Switch kF'I]HTH

Figure 1. A coupler test set architecture s shown here: the test couplers are on the
. . DUT-sige of the multiplexing swithes. As N becomes lrge, s le st becomes -
Typlca]. 2 POIt VNA. ( 3 RCCCIVCI') QUile Complex. Meazuremant recaiver

FReferance receiver

6]
\Il

Ik

VMA

|

I

e
,\_P'I]HTE

=1 - Port 1 Port 2
-

n

=

¥ =

cams

Meaauremant recsioer

-
3 -

ur :} I.___luh: __L}v_ ﬁ FReferance receiver fpﬂﬂn
i = kN
e }f. \ Typical 4 Port VNA ( 2 Source)

S
\Il

1

[

o

-—

Figure 2. A no-coupler archilecture for the 42 problem is shown here. In this case, 28

] ‘ 7 P l ] any VNA port can be connected to any test port atthough this is not needed for mosi meas-
Typlcal 2 P Ort A ( 4 Recelver) urements. THis test set can be simpler for large N but does fave limiations.
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Use of Baluns to Transform a 50 Ohm Un-balanced VNA Test
Port to 100 Ohm Balanced Transmission Line

500 Zn Zn S0
T s
Tassm1 Ez“ DuT zﬂ _‘t:r Tan%ﬂ
-]
in, 1

Measuring the differential mode characteristics of a two-port
DUT using baluns

Metwork Analyzer
Qut

On SO
|

BALUN Transformer with Center-Tapped Output

Picosecond Pulse Labs Model 5315A BALUN

- ——Balanced
1| §
3 ¢ Metwork
[ _ — T

<

LRSS

17 GHz typical BW
30 Ohm coax J310-2dB8
%—D%—“ {+) Output
5331 5100 T iy
6dB Tee o1
E ] ° {-} Output
]

Network Analyzer

Out

53

In

|
Longitudinal
Balance

Bridge

Balan

ced z,
Network

Port 1 Longitudinal Balance Test
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Use of Baluns to Transform a 50 Ohm Un-balanced VNA Test
Port to 100 Ohm Balanced Transmission Line
VNA Configurations for Balun Based Measurements

Reflection Measurements

Balun Based

so |
SIL]

<

100Q2

Rehwork Anahyzer
Networt Anakyzed
Fort 1 Port 2
y ™ Port 1 Port 2
{ :)1 i —t—ﬁ‘j’ )
— - SN
- L} [
v .

Transmission Measurements

Balun Based

s0 | ¢

~ —

<

100Q2

4 r
OlE[] =[]0
, |

7 ‘1 _.. f znl g 24 LOAD

Nebwork Analyzer

Port 1 Port 2

f{’l RC.

4 E r
OlE[] =[]0
, |

Y
ol
30
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Use of Baluns to Transform a 50 Ohm Un-balanced VNA Test
Port to 100 Ohm Balanced Transmission Line
VNA Configurations for Balun Based Measurements

NEXT Measurements

Balun Based r{‘ Y 1
son | 11| 1000 L= 3=
< | Zo §Zn
FEXT Measurements
Port 1 | -ﬂﬂil'! 2
Balun Based [-@1, e,

<

so | /|| 1002 Bl | = | S
[

31
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Use of a 2 Port VNA Test Set to Transform 50 Ohm Un-balanced VNA
Test Ports to 100 Ohm Balanced Transmission Lines
VNA Configurations for Reflection Measurements

Multiport (2 Port) Based

Vi PORT VNA PORT

N eé—E o

- =

32
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Use of a Multiport VNA Test Set to Transform 50 Ohm Un-balanced

VNA Test Ports to 100 Ohm Balanced Transmission Lines

VNA Configurations for Reflection Measurements

Multlport (4 Port) Based

VNA POR VNA POR VNA POR

@0 =&

Network Analyzer

Port 1 Port 2 Port3 Purtd-

)
r

)

z

i Wiy i

S

1— i

S

Gf

VNA Configurations for Transmission Measurements

Multiport (4 Port) Based

VNA POR VNA PORT 3 VNA PORT 4

@0 @@

Network Analyzer

Port 1 Port 2 Port3 Port 4

Wiy

.

- 1

s

.

E

— 1

%

EJ
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Use of a Multiport VNA Test Set to Transform 50 Ohm Un-balanced
VNA Test Ports to 100 Ohm Balanced Transmission Lines

VNA Configurations for NEXT Measurements

Multiport (4 Port) Based

VNA PORT 1 VNA PORT 2 VNA PORT 3 VNA PORT 4
C e & =
+ + = <+

MNetwork AnalyzZer

Port1Port 2 Portd Port 4

)
z

L)

)
-

Em
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Use of a Multiport VNA Test Set to Transform 50 Ohm Un-balanced
VNA Test Ports to 100 Ohm Balanced Transmission Lines

VNA Configurations for FEXT Measurements

MNetwork Analyzer

Multiport (4 Port) Based Port 1 Port 2 Port3 Port 4
port( ) )
T1T|T |3

285

35
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Advantages and Limitations of Each Approach
Balun Based Balanced VNA

Advantages

1. Lowest Cost Balanced VNA Approach

2. True Differential Stimulus

3. Simple Balanced VNA Calibration (SOLT , TRL ) With Fewer Connections
4. Traditional Balanced VNA Approach

Limitations

1. Limited Measurement Bandwidth With Transformer Baluns

2. Difficult to Separate Residual Common Mode Component (Longitudinal

Balance )

Difficult to Measure Mixed Mode and Common Mode S Parameters

No Single VNA Vendor Support — “Science Fair Project”

5. VNA Based Reflection and Transmission Time Domain (TDR / TDT) Limited
to Band Pass, Impulse Response

il

36
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Advantages and Limitations of Each Approach
2 Port Based Balanced VNA

Advantages

1. Lowest Cost VNA Configuration
2. Simple Balanced VNA Reflection Calibration (SOLT)
3. Full VNA Reflection Time Domain (TDR) Available

Limitations

1. Reflection Only Balanced VNA Measurements
2. Not True Differential Stimulus (Superposition) With Standard, Lowest Cost 2

Port VNA'’s

37
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Advantages and Limitations of Each Approach
Multiport 4 Port Based Balanced VNA

Advantages

l.

3.

True Differential Stimulus With Two Coherent Source 4 Port VNA
Simple to Measure Differential Mode, Mixed Mode and Common Mode
S Parameters

Full VNA Reflection and Transmission Time Domain (TDR / TDT) Available

Limitations

l.

(OS]

Not True Differential Stimulus (Superposition) With Standard, Single Source
4 Port VNA’s

Cumbersome Balanced VNA Calibration (SOLT) With Many Connections
Most Expensive Balanced VNA Approach

External Test Set Multiport 4 Port Based Balanced VNA Usually Requires
External Software for Test Set Control

38
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Frequency Domain Measurement for Balanced Transmission Lines

Display domain

Measurement domain = 10011
— "‘3H§i:
| ' .
|
t NN =
BDO

Time and frequency domains.

* S Parameters are Complex Numbers (Real and Imaginary) or (Magnitude and Phase)
* Frequency Domain Measurements are Parameter Versus Frequency

* Frequency Domain Measurements Represent a Weighted Average Over Time

* Time Domain Measurements are Parameter Versus Time

* Time Domain Measurements Represent a Weighted Average Over Frequency

Discover What's Possible™ /II'II'I tSU
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Frequency Domain Measurement with a VNA

Forward Measurements VNA Configuration VNA
s =
PORT 1
? PORT 2 g Balanced Port 1 Balanced Port 2
Fort 1 Port 3 FPort2 Portd
al b1 al b3
S

Heterodyne » Heterodyne PARAM. Meas. Stim. Port* Meas. Port*

Recelver » Recelver SD1D1 Return loss Pl Diff PI Diff

SD1D2 Rev Transmission P2 Diff Pl Diff

— SD1C1 Return loss P1 Com Pl Diff

2 b FEPE— a4 b4 SD1C2 Rev Transmission P2 com Pl Diff

Vs |1_HIJ' DUT SD2D1 Fwd Transmission P1 Diff P2 Diff

; < SD2D2 Return loss P2 Diff P2 Diff

e i SD2C1 Fwd Transmission P1 Com P2 Diff

M SD2GC2 Return loss P2 Com P2 Diff
SC1D1 Return loss P1 Diff P1 Com
SC1D2 Rev Transmission P2 Diff P1 Com
PORT 3 PORT 4 SC1C1 Return loss P1 Com P1Com
SC1C2 Rev Transmission P2 Com P1Com
SC2D1 Fwd Transmission P1 Diff P2 Com
SC2D2 Return loss P2 Diff P2 Com
Sc2c1 Fwd Transmission P1 Com P2 Com
SC2C2 Return loss P2 Com P2 Com

* Stimulus Sources are Sine Wave Oscillators that are Stepped in Frequency

* All Receiver Channels are Narrowband Tuned Receivers Synchronized to the Stimulus
Sources

* S Parameters are Complex Numbers (Real and Imaginary) or (Magnitude and Phase)

* Frequency Domain Measurements are Parameter Versus Frequency

* Frequency Domain Measurements Represent a Weighted Average Over Time 40
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Frequency Domain Measurement with a VNA

— e = = e - = =11 - = fosr =
| p— : ] =
3 4 =| e ol -
(microstrip differential pair example) :i ) = L 7| i
-W'" - -| -
= = i | - =t
= - =0 oL e I -
3 a = [ = - L) o = [ o . LS T o
Diff pair Diff pair - - =-| -
port 1 port 2 =l = - = =
Chats = A = :
=1 - :! = -y b |
: =L - = “ﬂ bid)
Stimulus T T e i BT s
Differential signal Common signal :: = =) =
port 1 port 2 port 1 port 2 'i i '.."‘l‘["”ﬂ"'fﬂ"hh_ '\\‘n
- - - - L
L i ;"'n‘ i L
= = = = |
= port 1 | SDD11  SDD12 SDC11  SsDC12 -I----- —_ -E---—-- —_- - —— — = _.‘;‘_L___ —_
£ i f . . A = wenas — wLs — wLLL:
o _ = - =| -
o 2 = = i =
B |E5|wn2|sop2 spD22  sDC2 SDC2 il - i -
= = B = :
o = | 8 = g
@ . |e1|scon scoiz scen scen - ; pereangas =1 _m* i
D - - N Al - -
< |E3 = = At Y =
S % |ert2]| sCD21 SCD22 SCC21 §cC22
Mixed Mode 5 Parameters

* SDD are Differential (Balanced) In and Out
* SCC are Common (Single-Ended) In and Out
* SDC are Differential (Balanced) In and Common (Single-Ended) Out

* SCD are Common (Single-Ended) In and Differential (Balanced) Out "
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Frequency Domain Measurement with a TDR /TDT (FFT)

TORIT Block Diagrmp
[}

Transmission

.

I = efiection
Vit) [ E DUT E
b ) v ~ ha
W it
i Refiection g “palll

Time Domain Reflection and Transmission (TDR
and TDT) block diagram. A similar diagram can be drawn
for reverse measurements (from port 2 to port 1).

L] L]
T DR Oacloacops Front Farsd

A differential, common mode or mixed mode
measurement would require a 4-port measurement setup

Vigrlt)

TDR: 2= Iffﬁﬂm =2'W_Z:l Z.f.lr*J =zl: '1+P
-I!;mndc:m z.'nm' +Z:I I_P
FNA: §,= EEL:M“J] = Zm'mm"-'r:' _Z':l zuwuri-‘.u:l} = Z'l .éll:?]
amcidenr Zywuri:)l-‘.":l + z-':I i

Common mode stimulus,
differential response
(mixed mode)

Differential stimulus,
differential response
(differential quadrant)

5 _TD_‘R_IWT 512041_ o TD T35, Stise < ﬁjﬁm Em: =

Sz‘S:z_Elem Sa00g ‘;”_T_Dﬂzzr.ﬁ/ 43 TDRg1ge  Soge 2 TDR%
544 FEOR g Sqaeg ©F 10 s E 3 TOR oy Sypep & PR
Soipet2 TDTaieg  Sageg <> TOT. S T0Tye  Saaee & TORYy

Commaon m&e stimulus,

common mode response
(common mode quadrant)

Differential stimulus,
commaon mode response
(mixed mode)

Correspondence between time and frequency domain waveforms

* Measurements Made With Fast Rise Time Voltage Step Generator

* Both Reflection (TDR) and Transmission (TDT) Made in Time Domain
* Step Response Differentiated to Calculate Impulse Response

* Chirp Z Fast Fourier Transform (FFT) Applied to Impulse Response to

Calculate Frequency Domain S Parameters

42
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Frequency Domain Measurement Comparison VNA vs TDR/ TDT
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521 magnitude and phase comparison for test structures. Red: VNA, Blue: TDR/TDT

Correlation between VNA and TDR/TDT Extracted S-Parameters

up to 20 GHz

Cherry Wakayama, Jeff Loyer

Tntel Corporation The University of Washingto

n, wakayama{dee washington edu

Intel Corporation, jeff loyer @intel com
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511 magnitude and phase comparison for test structures. Red: VNA, Blue: TDR/TDT
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Frequency Domain Measurement Comparison VNA vs TDR/ TDT

ossgl'nng'or\%e “T$" ;‘\1&
] —
cH1 m
o g. e
CH2 el =
£ E|
m
’g - E
k g 1: "?
E E 04 “, LICILRY 7Y E
EH o H —4n22 3
=50 ?
PSPL Model 4022 TDR Test !
Configuration Used to Measure 511 Data <0 o 10 20 30 40 5 €0
] i0 20 30 &0 50 B0 frequenc lGHz]
frequency (GHz) aq ¥
Snmm SR B 0-64 GHz S11 Plot Measured 0-64 GHz S21 Plot PSPL TDR
- n with the PSPL Model 4022 TDR System System and 65 GHz VNA Measurements
/:;?‘ & and a 65 GHz VNA
@ @ FRemote Head ’ [ I I
! 2 CH4 a
\« =10
=4
| J— ) @
L ﬁ-m— g'-m-
Model 4022 TDT Test Configuration En g 454
Used to Measure S21 Data 2307 E,
E; £ 0 = = =yMA 521
a0 = —4022 521
S-parameter 0 a5 |
System bandwidth; TDR'JT
dyn. range risetime - .
o s 10 15 20 25 a0

65 GHz VNA 65 GHz; >60 dB 14 ps frequency (GHz) o 5 10 15 20 2= EN

Model 4022 30 GHz: 95 dB 10ps 0-30 GHz 511 Plot Measured frequency (GHz)

10 ps TDR ’ with the PSPL Model 4022 TDR System 0-30 GHz 521 Plot PSPL TDR
Comparison of TDR/T and VNA and a 65 GHz VNA System and 65 GHz VNA Measurements
Measurement System Capabilities

S-parameter Measurements with the PSPL 44

Model 4022 High-Speed TDR and TDT System

Kipp Schoen, Picosecond Pulse Labs (PSPL), Boulder, Colorado, USA
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Advantages and Limitations of Each Approach
Frequency Domain Measurement with a VNA

Advantages

1
2
3.
4
5

. Higher Source Power and Tuned Receiver = High Dynamic Range (> 100 dB)
. Applies to Both Active and Passive Linear Devices

Direct Frequency Domain Measurements = No Post Processing Required
Traditional Measurement Approach For Frequency Domain Performance
Better Signal to Noise > Measurements More Repeatable, Less Deviation

Limitations

b=

All Measurements are Causal = No Insight Into DUT Topology
Higher Cost Than Comparable TDR/TDT Oscilloscope

Slower Measurement Speed Than Comparable TDR/TDT Oscilloscope
More Complex, Less Bandwidth Signal Separation Test Set

45
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Advantages and Limitations of Each Approach
Frequency Domain Measurement with a TDR/TDT

Advantages

Wide Measurement Bandwidth = DC to Max Frequency

Lower Cost Stimulus (Step Generator(s))

Lower Cost Per Measurement Channel

Broadband Receiver = Measurements Made Faster, Single Shot Capture

s

Limitations

Applies to Only Passive Devices

Limited Dynamic Range = 40 dB to 50 dB

Limited Power in Harmonics of Voltage Step Generator = Less Signal to Noise
Direct Time Domain Measurements = FFT Post Processing Required
Additional Software Required For Frequency Domain Performance

N

46
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Time Domain Characteristics and Parameters for Balanced
Transmission Lines

Rise time, ps Resolution in air, mm Resolution in FR4, buried run
(vp=0.446"Cyigpy), mm

TDR Spatial Resolution Requirements

10 1.50 0.67
1 15 2.25 1.00
transmission line |
20 3.00 1.34
A 28 4.20 1.87
v 40 6.00 2.68
| adequate resolution 150 22.50 10.04
| | o
1 t L . . .
t Rise Time Requirements for Serial Standards
a 1T, Standards Datarates, Gb/s* tstandard riss 35 @ ratio of bit width
W ! ; 1st generation standards 1.125-3.125 15%
iinadcquatc resnlution _ _
| - 2nd generation standards 4.25-6.5 20%
-
t 3rd generation standards 8-12 25%

Hise time as parceniage of the bif widih for three genaerafion of sfandards.

Faster pulse risetime = better resolution
TDR resolution rules of thumb.

Tornni:a,-:d.:“ tungis a not obsarved
sa ntinuities:
3l [ tm,.::: - [tt"""tT::'_:“'Hm

With standard TDR:
(tseparation. = %2 TDER. risetime = 17 5p5) (1/10 TDE risetime = 3.5pS)
47
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Time Domain Characteristics and Parameters for Balanced
Transmission Lines

TDR Module Device Under Test
Vim:ldent Vreﬂected
Z,=500 N -
[ + Z;J—: 500 PECEERS Measurement of impedance from Reflection Coefficient.
f_r Step meas : lim ZLozid — 0 \1
Genemmr \ !
. %)_‘ - - ]
v Open circuit
TDR Module Device Under Test
Vincident Vreﬁemm 1
Z,=500 N "—U_ Ya - phip=4
P
/J: y * zD 500 - ]
St
(F ) & oy Vmeas {\ M 21609 >0 § Short circuit
) . » g _______ ———mm [ gty
TDR Module Device Under Test -
time pS
Vmcidem Vreﬂected
Z,=500 N -
[ O PP
~ + Z,=500 t .
(J‘_ ge‘:ferator meas '\T Zipaq =500 )
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Time Domain Characteristics and Parameters for Balanced
Transmission Lines
Fault Type and Location

. VmEE!.S .
Device Under Test A TDR Display
d T Vreﬂected Vmeasured = Vincident Series L
= ":|— Ao VaYa P w— ‘ Discontinuity
CTTTd \ —
Zy;=30 \“-_l.»/ Z,=50 Vincigent -
= Q Zi0ag =50 0
X
Vincigent €dge
OCCLrS I B i
T » time
. W
Device Under Test e TDR Display
&
/ ] s
- / ‘_ \"
x

5
Hk;.f'

i Z,=500

TC: Z10aa =50 O
I
!
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Time Domain Characteristics and Parameters for Balanced

Transmission Lines
Determining Fault Location

Inductive
Discontinuity

Device Under Test

B _/- <L fa¥al P —
Z,=500 an L Z,=500Q
L =5002
@ Distance, D
Stz p Pulse Generalor
vmeas
A TDR Display Physical distance to fault location can be
. determined by:
|
|
| D = 0.5%(T)*(v,)
|
i
Voseen - |

Transit time, T

time

D = physical distance to fault location

T = transit time from monitoring point to mismatch
and back (round trip delay)

v, = velocity of propagation (material property)

50
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Time Domain Characteristics and Parameters for Balanced
Transmission Lines
TDT - Time Domain Transmission, Insertion Loss, Delay, Skew

“+It is the measurements of the transmission in the time domain

v A pulse generator is used to provide
an incident step pulse ( stimulus)

v Voltage Transmission from the Device
Under Test (DUT) is measured by the
scope

v' TDT ~ Insertion (Transmission) Loss Two TDR

. dul
v Requires two TDR modules — one to moauies

generate the step and other to sample

! = H - .I s a
:transmlssmn transﬂg&fﬂ#'—m

'xfl'f_'f_,_ Mis%atch % A
Signal

|

1 1
‘Heﬂecﬂun ‘Reﬂem’on 1 Scope

|

]

=N

—™1 DUT

.

)

TDT measurements set-up
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Time Domain Characteristics and Parameters for Balanced
Transmission Lines
Near End Crosstalk (NEXT), Far End Crosstalk (FEXT)

Active or Aggressor Line

Stimulus / TDR Response - TDT Response
P S —=
Lediage
Ap— air m—
NEXT FEXT

NEXT Quiet or Victim Line FEXT

d Near-End Cross Talk ( NEXT ) is the ratio between the voltage
measured on the near end on the quiet line and the stimulus.

. Far-End Cross Talk ( FEXT) is the ratio between the voltage
measured on the far end on the quiet line and the stimulus.

v NEXT-FEXT Cross-talk measured the coupling between two
adjacent transmission lines

52
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Time Domain Characteristics and Parameters for Balanced
Transmission Lines
Near End Crosstalk (NEXT), Quiet Line Open Terminated

File =3 igger display Cursors Weasure Math Analysis I_Hilities Help

s H "
Measure FAamplict) P2 ampiC2R FI(PZPIIE 5 P4 - - PSi- - - PGi- - - PTi--- P&.- - -
valus 261 257 mv 2058 mva TOTTe-30 %

status - 5 '

X1- 300580 n= A= 4 0005 ns

NEXT ¥2= 340585ns 1/aX= 24097 MHz

100172007 B:50:27 Ahd

53

Discover What's Possible™ /II'II'I tSU



Time Domain Characteristics and Parameters for Balanced
Transmission Lines
True Differential TDR / TDT

v . ..
High Speed digital systems are v De-skew control aligns the two pulses

mainly differential L from each of the two TDR modules.
v' TDR requires two TDR modules to v' HW deskew (£50 ps)
provide the differential signal (
Sﬁm"";{”s)’ Stip p”:,ses:,} P Oﬁm"e and v Requires four TDR modules — two
negative ( automatically changes rrai- ; p
po?arity u{hen sefectfngydfffergnﬁaf ) fo generate the dlfferta:nttal STgIEs
and other two to receive the

differential signal

|~ Scope Sa

-]
// Generators

| __— Steps Generators /
L] &= [ ]
] |
e ouT
>~ [',1:1 | oo

—
:;ﬁ . | ) —
—

Differential TDT measurements set-up 4
5

Differential TDR measurements set-Uup

Zinritsu
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Time Domain Characteristics and Parameters for Balanced

Transmission Lines
TDR/TDT and VNA

v TDR/TDT and S-parameter are describing reflection / transmission respectively
in the time domain and in the frequency domain .

v'TDR/ TDT measurements may be
converted into the frequency domain
for S-parameter analysis.

v’ S-parameter measurements may
be converted into the time domain
for TDR/TDT measurements

x(t) (volts)

At ¥

L

r!nil'

—

]

time window = NAt

TDR/TDT

Inv. FFT

E>
=

Foee.
!' %
Il“ lE
0' Eﬂ
A" | E
..!
Af = 1/NA

S-Parameter
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Single Ended, Differential Mode, Common Mode, Mixed Mode, Mode
Conversion

= T = e L _—. FRAMN = = wew
- | = - | - {
-1 - - - |
- = — | - - |
= | ® ., - | - | -
| | --
-f ! =, ST N D | S — -
- = = -
- - | - -
- — 1 - -
- = | - | -
- e mmm | = e mm sa=m - | === ol ————— ==,
— g — R — e — e o1}
I - - -
- - - -
- - - | -
- I - - -
- - B [ .| g | s
- _._.[ - | - -
- | - L | oy -
- e - ey = = e - e %
- - - -
- | - - -
-1 - - llL - —
e | = . | . ta | - {
=] = inm e
| |
- - - | -
- O = - e - e Ex =. ] e
- - - -
- - = - i |
- - o e—— - Y
- - - -"- - ! |
- - - -
- — - | -
- - - -
oy NS EEE. Lo mEEEE B et st ot | N S

« Time Domain Measurements are Parameter Versus Time | Distance
 Time Domain Measurements Represent a Weighted Average Over
Frequency
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Time Domain Measurement with a VNA (IFT)

Forward Measurements VNA Configuration

N Inverse
e e Fourier
o ” o
CP 3K X X X b3 Transform
al b1 a3 b3 {lFT}
Heterodyne ) Heterodyne FrEqI..IEI'Icy'
[ Recelver J o [ Recelver J Dumain
a2 b2 ~—fn-hmﬂl ad b4 nata
R > alke < 2D > alle <
& ! I 2

PORT 3 PORT 4

* Measurements Made in Frequency Domain and Converted to Time Domain by
Inverse Fourier Transform (IFT)
* Step Response, Impulse Response, and Band Pass Impulse Response
* Step Response and Impulse Response Require Harmonic Related Frequencies
* Time Resolution Related to ( 1/ Frequency Span)
* Time Range Related to (1/AF)
* Windowing Used to Deal With Frequency Truncation Error
(Finite Frequency Range) 57
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Time Domain Measurement with a TDR/ TDT

TDR-"I'EIID{#DiauraT M M A W b m e ke

Transmission el | 1 11 ] J
[ _ — _ /"’"" A
AL, IE sfiecton K ; W grl®) " ,’ /
it} [ =1 Dutr § J f/
5 i Vet [ ™
& Reflection g "1 ) _.i N /
Time Domain Reflection and Transmission (TDR

and TDT) block diagram. A similar diagram can be drawn
for reverse measurements (from port 2 to port 1).

? § 8§

l=Tna
T ar aTe

Gl | D | 1M | SR

Measured TDR profile of a transmission line
with initial via and small gap in the return path.

A differential, common mode or mixed mode
measurement would require a 4-port measurement setup

* Measurements Made With Fast Rise Time Voltage Step Generator

* Both Reflection (TDR) and Transmission (TDT) Made in Time Domain
* Step Response Standard For Time Domain Measurements

* TDT Direct Measurement of Insertion Loss, Crosstalk, and Delay

* TDR Direct Measurement of Reflection Coefficient and Impedance with .
Location
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Time Domain Measurement with a TDR/ TDT
Differential TDR Using a Single Step Generator

R1 R3

58 OHM 2y (3 s
A . % I =26.50
+A (_;j SAMPLER | SR NHu CABLE -VJ— 4 X1 X2 Te =2 12NSEC
L P
'] — Rz F4 14=83.270
-
v, Ve J R IRt t4) BT . =SNSEC
58 OHm {7 ; . .
. - - Configuration for single ended drive, balanced termination
oM.
SAMPLER
A k WFEFICE .3 A__r._-___ Sdalds BOsFisd a
T T 1 1
) o . ; 1940 == ——f— L E— -
Single ended pulse generator built into Ch 1, and Ch 2 input with no step | — ‘-“—“—'—--"i T ’-_.

5@ Orim x ? [}
I

|
-
: i |
| | ! |
A, ol i - 1 | : 1
1 A(J ) SAMPLER | 5@ OHM CABLE waad ! i i | i !
+ 5 . L - I 1 1 i 1 -1
2 I/ v, ‘lL:a— \ /. | HI + S - -
1 | v ‘ AN — i i 1 1 AN R
1. —l e —— _ - H
T - H I
Py BAL ANCED _
T 58 OHM LINE DUT i

, i |

I 58 OHM CABLE o.8 rf ; L T T : .. . _!

CH 2 } |
; SAMPLER

Equivalent circuit of TDR step and scope inputs represented by . A
common mode and differential mode step sources. V1) and V|2) raspansas, single sdged crive, balenced lmneion

o
-

* Requires Launch Into Balanced Transmission Line
* Complement Step Generated in Transmission Line by Reciprocity

e Stimulus From Transmission Line is True Differential “
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Advantages and Limitations of Each Approach
Time Domain Measurement with a VNA (IFT)

Advantages

1. Higher Source Power and Tuned Receiver = Faster Effective Rise Time, Better
Time Resolution

2. Both Step and Impulse Response Available

3. Impulse Response of High Pass or Band Pass Devices

4. Time Domain Gating Available

5. DC Response of DUT Not Required (DC Blocks Not a Problem)

Limitations

1. Time Domain Requires Software Post Processing (IFT)
2. Higher Cost Than Comparable TDR/TDT Oscilloscope
3. Slower Measurement Speed Than Comparable TDR/TDT Oscilloscope
4. Windowing Required to Deal With Frequency Truncation Error
(Finite Frequency Range)

60
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Advantages and Limitations of Each Approach
Time Domain Measurement with a TDR/TDT

Advantages

Direct Time Domain Measurements

Direct Time Base Based Delay Measurements

Frequency Response of Step Generator Not Band Limited, Windowing Not Required
Lower Cost Than Comparable VNA

Differential Step Generators With Adjustable Skew

N

Limitations

Step Response Only

DC Response of DUT Required ( DC Blocks a Problem)

Limited Dynamic Range = 40 dB to 50 dB

Limited Power in Harmonics of Voltage Step Generator = Slower Rise Time,
Less Time Resolution

s
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Techniques Used with MultiPort Vector Network Analyzers
(VNA) for Balanced Transmission Line Measurements

095 _ ¢

Reoeivar Receivar

Fort 2

| Port 1 Port 2

Couglar F{ﬂiamncﬂ Couplar

Brdgal Bridga!

Swtn

Typical 2 Port VNA ( 3 Receiver)

WNA

Test Ch b1 Test Ch b2

Port 1 Port 2

f

Figure 1. A coupler test set architecture s shown here: the test couplers are on the
DUT:sigk of the muitiplexing switches. As N becomes krge, this test sef becomes
quite comppiex.

VNA

Port 1 Port 2

Typical 2 Port VNA ( 4 Receiver)

F.'I:‘M’E 2. A no-coupler architecture for e 42 probiem s shown fere. In this case,

ny VA port can be connected to any test port atthough this is not needed for mosi meas-

uremems This iest sef can be samu.'erfor farge N bt does have limitations.

7
\‘PEIHH

(Fanra

-
\PEINTZ

e
\‘PEINT 1

Typical 4 Port VNA ( 2 Source)

Network Analyzer

[—'I—Dq, o

—1|Balanced ||
i ” C | | Network

LJJ

. I
us T

Typical Balun Based \6,%\IA

Discover What's Possible™

/inritsu




Use of Mathematical Superposition with a Single Source
MultiPort VNA for Balanced Transmission Line Measurements

* Passive Balanced / Differential DUT
* Transmission Lines
G * PCB

.
|| 2porttoaport Lumped Components
L 4 L * Passive Filters
&) [[e—— Switch Matrix .
i UTP, STP, Quad Cables
F3—4 L * Connectors / Interfaces

* Linear Active Balanced / Differential DUT
* Linear Amplifiers, Differential Amplifiers

* Linear Active Filters
* Input / Output Match ADC / DAC

» Standard Single Source VNA Used With Switch Matrix

* Single Ended S Parameters Measured for All Path Combinations

» Differential and Mixed Mode Parameters Calculated by Superposition

* Basic Assumption That DUT Is Linear

e If Interconnect From 4 Port Test Set to DUT Uses Balanced Transmission
Lines, True Differential Stimulus Generated By Reciprocity 63
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Use of Dual Differential Sources MultiPort VNA for Balanced
Transmission Line Measurements

* Passive Balanced / Differential DUT
* Transmission Lines
BT ) * PCB
— — il * Lumped Components
® * Passive Filters
e « UTP, STP, Quad Cables
* Connectors / Interfaces
* Linear Active Balgnced / I?ifferen.tial DUT
~ 29 | (o * Linear Amplifiers, Differential Amplifiers
v - * Linear Active Filters
-__llTL * Input / Output Match ADC./ DAC
-~ B~ (o1 * Non Linear Active Balanced / Differential DUT
* Devices in Compression / Saturation
* Log Amplifiers

* Dual Source VNA Used
* Sources Are Synchronous and 180 Degree Phase Difference

* Common, Differential and Mixed Mode Parameters Measured Directly
 DUT Can Be Linear or Nonlinear

* True Differential Stimulus 64
 Balun Based VNA True Differential for Differential Mode Parameters
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Advantages and Limitations of Each Approach
Mathematical Superposition with a Single Source MultiPort VNA

Advantages

1. Lower VNA System Cost

2. If Interconnect From 4 Port Test Set to DUT Uses Balanced Transmission Lines, True
Differential Stimulus Generated By Reciprocity

3. Single Ended 2 Port VNA Can Be Upgraded to 4 Port Balanced VNA By Adding Test
Set

4. Valid Balanced / Differential Measurements For All Linear DUT’s
Limitations

1. Requires Software For Mathematical Superposition Calculation
. Stimulus Not True Differential * = May Not Be Valid For Non Linear DUT’s
3. Switch Matrix Repeatability Can Degrade Systematic Error Correction
Resulting in Higher Residual Errors (Ripple) in Corrected Measurements
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Advantages and Limitations of Each Approach
Dual Differential Sources MultiPort VNA

Advantages

1. True Differential Stimulus

2. Valid Balanced / Differential Measurements For All Linear and Non Linear DUT’s

3. Better Test Set Repeatability = Lower Residual Errors (Ripple) in Corrected
Measurements

Limitations

1. Higher VNA System Cost
2. 180 Degree Phase Relationship Difficult to Maintain From VNA to DUT -
Skew Error = Problematic For Non Linear DUT’s
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Fixture and Launch Considerations in Connecting to Balanced
Structures
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Fixture and Launch Considerations in Connecting to Balanced
Structures

End Launch Connectors
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MAX3873 EV Kit Schematic

www.southwestmicrowave.com MAX3873A EV Kit PC Board Layout—Component Side

http://datasheets.maxim-ic.com/en/ds/MAX3873 AEVKIT.pdf
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