O3¥E RF & Wireless Systems Application Note GSM-0080 Rev. A

LNA Matching Example for AD6548

1. Overview

The following application note describes the techniques used for matching of the AD6548 LNA to
the RF input SAW filters. As with any RF system matching is key to achieving optimum sensitivity
performance of the receiver. The ADI reference board provides the matching for that particular
layout and component selection. The customer will only need to re-match if the layout, or
component section is different from the ADI reference design. The procedure is quite
straightforward, as the matching structures are reduced to only 3 components per band. The only
variation will be in the component value. However specialized equipment and RF knowledge is
required.

A two stage approach is taken the First stage is to calculate the theoretical values for the
matching components. The second stage is to measure the parasitics and then to fine tune the
network components values based on the parasitics of the implementation.

2. Equipment List

The following is a list of equipment that is required for the procedure, along with commonly
available models and manufactures. Other Models or manufactures may be used if the
functionality is suitable.

1 | Smith Chart plotting PC Software EEZ Match Besser Associates
2 | S Parameter Network Analyzer (2 GHz min) Agilent 8753ES
3 | High Quality Cables (Precision 7mm to SMA) Suhner SucoFlex 104A
4 | SMA (3.5mm) Calibration kit Agilent 85033D
5 | GSM Radio Tester Rohde & CMU200
Schwarz
6 | Capacitor Lab design kit 0.5 — 350 pf 0402 size Murata GMR Series
7 | Chip Inductor sample kit 1 — 100 nH 0402 size Panasonic RF Series

3. Worked Example

The following worked example describes the technique required for matching the AD6548 front
end to a SAW filter. In the example the theoretical calculations use values obtained from the data
sheets. In reality the parasitics, and non ideal components will affect the final values. The
technique is however identical, and the mathematics can be applied to the real case when the
designer measures the parasitics and uses non ideal component models. Measurement of the
parasitics is also described in this guide, as this is essential in a real life application. In actuality
there are several methods & combinations that achieve the same result, but the key to success is
to ensure that consistency of method is applied to all the steps.

3.1 Theoretical calculations

A seven step process is used to obtain the theoretical match. A spreadsheet program is also
provided to incorporate several of the steps. The steps are also described so the designer can
get an understanding of the procedure. They are as follows:

1. Calculate the Singled Ended LNA Impedance, from the Data sheet values
2. Obtain the desired Single Ended Load impedance (or Admittance) from the SAW Data
sheet.
3. Normalize the values to the preferred reference
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4. Place the LNA Impedance on the Smith Chart

5. Using reactive element series + shunt elements move to the LNA impedance around the
Smith chart until we achieve the point of the desired Load Impedance for the SAW filter.
The SAW will now be matched.

6. Calculate the differential values for the elements indicated by step 5.

7. Obtain actual data for components including non ideals (S parameter Data) and measure
parasitics for the board layout, then recalculate the components values, or trim the values
to give the best noise figure and VSWR.

Let us now describe each step in more detail:
1) Calculate the Singled Ended LNA Impedance, from the Data sheet values

Let us go to the AD6548 an in the Specification section for the Receiver we see the Input
Impedance is a line item for both the Low band and High bands:

Band Input Impedance Units Comments
850 & EGSM 85-J110 Q Differential
DCS1800 50-J65 Q Differential
PCS1900 70-J75 Q Differential

So the two points to note here are that this is a measure of the differential Impedance. Thus the
circuit model looks like a resistor in series with a reactive element. For the 850 & EGSM case the
real part (resistance) is 85 Ohms and the imaginary (Capacitance, as negative) part is 110 Ohms.
As discussed before we need to obtain the single ended version. However as we are working in
terms of Reactance (not Capacitance) the conversion is very simple, as demonstrated below:

+J = Inductive
-J = Capacitive

Figure 1: Series circuit conversion to single ended equivalent

So to summarize; both elements of Input impedance given in the data sheet should be halved to
give the single ended equivalent.

2) Obtain the desired Single Ended Load impedance (or Admittance) from the SAW Data
sheet

The manufactures data for the SAW device should specify what is the desired load for the SAW
filter. This will typically be a differential specification, and is normally about 150 Ohms with a
shunt reactive component. Normally this is an Inductor, as the SAW itself is capacitive, so an
Inductor is needed to tune out this parasitic effect. If the equivalent circuit is specified we need to
calculate the Impedance (or Admittance), for Normalization and plotting the correct point on the
Smith chart. This is easy to do, and at the same time we can convert to the singled ended model.
One note of caution: If the circuit is in the parallel form, which typically it its, we either should
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convert this to the series equivalent, or remember this fact and use the Admittance Smith chart
for this point. Using the Admittance Smith chart is the simplest way, as this requires no
computation, and it perfectly legal, but just remember this point.

9 g
| |X

Xp

Xp = 2mfL if Xp is an inductance;

1
Xp = —— if Xp is a capacitance.
27fC

Figure 2: Parallel circuit conversion

So using the above formula the imaginary component can be calculated for the frequency of
interest. We now have both the actual load and desired load in terms of impedance. However one
is a series equivalent circuit and one is parallel, but that is OK as discussed.

For a practical example we can use the Murata SAFEK881MFLOTOOROO, which sates the Load
Impedance required is 150 Ohm // 82 nH. This is for the 850 MHz GSM band so lets choose the
centre of the RX band as the frequency of interest: 881 MHz.

So this is a shut inductance:

X =1 881x10° x 82 x10°
=227 Ohms.
R=150/2
=75 Ohms
3) Normalize the values to the preferred reference

Generally the smith chart is normalized to 50 Ohms. That is 50 Ohms is in the centre of the chart
and is equal to 1 on the chart scales. This is ideal for a typical 50 Ohm system, However the chart
can be normalized to any value. We see that the real part of our ideal load is actually 75R so we
can choose this as our normalization factor. Generally this can be selected in smith chart
software setup menu. So as all values we have are presently impedance they should be divided
by the factor:

Actual Normalized ‘ Admittance
To 75R
Load Real 42.5 0.57
Load Imaginary 55 0.73
Desired Real 75 1 1
Desired Imaginary 227 3.03 0.33

For simplicity steps 1 through 3 are designed into a spreadsheet tool that can be provided to the
customer. The Output is shown below for our case study:
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LNA Input Model: SAW Filter Load SAW Filter Frequency
o} |-
Data Sheet Values Data Sheet Requires Frequency Band
Resistance Reactance Resistance Inductor (nH) Start Stop
Data Sheet Values 85 -110 Data Sheet Values 150 82 869 894 (MHz)
Single Ended 425 -55 Singe ended 75 41 Center:
Impedance 75 227  Ohms 881.5 (MHz)
75R Normalized 0.57 -0.73 75 R normalized 1 3.03 Ohms
Smith Chart Values Smith Chart Values
R X Ohms G B Seimens
Impedance 0.57 -0.73 4 Admittance 1 -0.33 Y

Figure 3: Spreadsheet Output for Smith Chart Values

The inputs are shown in Orange and the outputs in green. The frequency band is set for 850 MHz
Receive, as per the Saw data sheet, and the centre frequency calculated.

4) Place the LNA Impedance on the Smith Chart

So now what we need to do is to present a load to the SAW that is correct. When we “Look Into”
the LNA input we see 0.57-J0.73. By using reactive components we can make look like the
correct load: Remember we are always looking into what is in effect the SAW load. As we build
the network we are moving away from the LNA inputs, towards the SAW filter. We stop adding
components when we achieve the desired SAW load. The best tool for this is the Smith chart.
Many RF programs have capabilities to display Smith Charts. One such tool is EEZ Match which
has basic functionality, but suitable for this exercise.

The LNA Input is placed on the Smith chart as the starting point for our network. We have
normalized impedance values for the series network so the values in the above table represent
the correct point on the Smith Chart. As the real part is lower than the normalized real impedance
and is also capacitive we should expect this point to be in the lower left had part of the chart.

B EEZ Match H=1 E3

File Edit “iew Help

Network at Z1
0.49 @ -95.6

a\l"iew / Options x|

[ Circles
z 0.57-j0.73
lv 0.66 + j0.85 Reall Imagl
Z| MR WX

Y| re re

[ Circle Values

Mormal j
#R (84
(o] B

]
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1) Ensure that the Parameters are correct in the Setup section
2) Add the starting point: The LNA Load Impedance.

It may also be a good time to add the expected SAW load onto the diagram at the same time.
This is our target. However these points cannot be directed related to the position on the smith
chart quite yet. The problem is we have impedance values, but the model is in the shunt format. A
shunt network cannot be represented by R +-JX, without first transforming the impedance values
to their series equivalents. This of course is very straightforward, but is another mathematical
operation. It is simpler to use the Admittance values for the components we have and then simply
remember to plot the position on the Admittance smith chart. This is the way we shall proceed,
but both ways are valid. As we have real and imaginary components split up the Admittance is
simply the reciprocal of the Resistance to give Conductance and reactance to give Suseptance.
As we have normalized to the real part this remains unchanged at 1! The Suseptance is
calculated, and now we have the correct values to place on the Smith chart; for our example 1 —
J0.33. Note that the inductor sign is a negative for admittance. This point can now be placed on
the Smith chart using an Admittance chart superimposed onto the previous Impedance one. This
is done in software which gives entry field for both Impedance and Admittance; just be sure to
use the right box!!

B EEZ Match I [=1 E3
File Edit “iew Help
e 0 a X ‘I[l
0.16 @ 99.4
z 0.90 +j0.30
1.00-j0.33

X
71.22 @ 18.3 Ohm

1.00-j0.33

1

B e BER

1) Add in the target, don’t forget this is Admittance (y)!

5) Use the Smith chart to build the matching network

The matching network can now be build by adding a series component of the correct magnitude
and type to move around the Smith chart such that we are on the circle that intersects with the
centre of the chart. Once we are on that circle we can add a shut inductor to bring us through the
origin to the desired load point that we plotted. Once complete we can then read the component
values from the software. Be sure that the frequency is set correctly in the Setup menu, otherwise
the components values will be wrong.
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In our example of the GSM850 band we need to add a series inductor. Until the network
admittance is 1. The software is interactive and so the value can be dynamically adjusted until the
correct result is achieved. The node, L9 in this case, even shows us the component value,
(3.17nH) as shown in the first diagram below. This now puts us in the perfect position to add the
shut inductor to complete the network match. The second diagram shows the addition of the
shunt Inductor to complete the network. We are now at our goal of Y = 1 —J0.33. Again the
component value can be read off the software display, 11.3 nH. So now we have a complete
single ended representation of the desired network, For our case study the diagram is shown

below:
Looking into Network:
75R // 41 nH

3nH

gkw

LNA Input SAW Filter

B EEZ Match I [=1 B3
File Edit “iew Help

Network at L9

0,40 @-113.4
z 0.57 -j0.50

| Apetlnefwr4H| 8] 2] 5] 2]
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B EEZ Match _ (O] %]
File Edit ¥iew Help

Network at L11
0.16 @ 99.2
z 0.90 + j0.30
v 1.00-j0.33

v 0.00-j1.20

EE MR R EER

6) Calculate the differential values for the elements indicated by step 5.

We have to remember that we are in single ended mode. The final network is differential, so we
need to convert the values, but this is very straightforward:

Zy1 = Zsy

Zyp =2 X Zs, If the Z is an inductor. (This is the normal case)

Zy =2 Zs If the Z is a capacitor. (Generally not the case with a SAW).

So in our worked example we can see the final component values are calculated in the table
below.
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Looking into Network:
150R // 82 nH
L1

Ii 3nH
LYY

LNA Input SAW Filter

Also we can see the final values that are used in the circuit, so the discrepancy is because of the
non ideal components and parasitics. The next section describes how the actual values can be
measured using a Network analyzer.

Component Single ended Calculated Actual Value
value Final Value

L1,L2 3nH 3nH 2.2nH

L3 11 nH 22 nH 18 nH

3.2 Practical Method

In the entire transceiver subsystem the match between the antenna port and the switch may need
to be considered, as well as the match to the AD6548. If the switch is changed from the ADI
reference design this will have to be considered also. Once the fully front end match is completed
the match can be verified using the BER measurements.

Figure 1 shows the receive path for reference.

—— Matching Network #1 SAW  Matching Network #2 Switch  Antenna Connector

:U """""""""""" Y

OO0 Familiy 1C

%
|

Figure 1. Receive path showing placement of matching networks.

3.2.1 Matching Single Ended side of SAW
The first step is to get a proper match between the SAW and Switch.

To get the right frequency response the SAW must be loaded with the loading specified in the
datasheet. Therefore SAW is disconnected from the IC and loaded with the proper loading — it
should be possible to use the pads already there. To take parasitic from the PCB/components
into account, the loading should be trimmed by stepping one value step up/down until the best
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loading is achieved; this is verified by minimizing the loading circle on the Net Work Analyzer
(NWA).

The Net Work Analyzer is connected to the antenna connector and port extended to the first
matching component. The “Matching Network #2” is trimmed to 50 Ohm.

3.2.2 Matching balanced side of SAW

The next step is to develop the matching between the IC and the SAW. There are numerous
ways in achieving this, either by simulation, by calculations or by measurements, both simulations
and calculations should be based on S-parameter files from the supplier of the SAW and Analog
Devices. Or even better based on real S-parameter measurements made directly on the board to
be matched.

This section of the Apps note deals with a measurement approach. As the loading of the SAW is
already optimized on the PCB, this will be used to avoid having to consider too many parasitics.
The SAW is dismounted and probes are placed on the pads of the SAW. Remember to port
extent the NWA to the tip of the probes.

Using a two port S parameter measurement the ideal differential loading, Zijea, is measured. See
figure X. The conversion of two port S parameters into differential impedance is shown in
Appendix B

Port [

OO Familiy IC

Port 2

The loading is removed and 0 Ohm resistors are placed on the series pads, see figure Xx. The IC
is put into continuous receive mode and the differential input impedance is matched to Zjeq. As
the impedance is differential the two port S parameters need to be converted each time. Also
remember when using the smith chart, the values has to be recalculated into differential values.

Port [

OO Familiy IC

Port 2

3.2.3 Trimming the match

Initial matching networks on both sides of the SAW have been developed. After remounting the
SAW the matches are first verified using the NWA. This is done using same procedure as used
when matching the single ended side of the SAW - the size of the loading circle is minimized
using Matching Network 1, and the center of the circle is changed using Matching Network 2.
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The final verification of the matching is done using an communication tester. The sensitivity is
found. If further trimming is desired the values of the matching components can be stepped
up/down one value and measuring sensitivity for each step.

4. Appendix

4.1 Transforming measured values between Single ended and differential

OO Familiy IC OR

0

One way to convert the S-parameters is to use an ideal balun in a simulation program.
Alternatively the transformation can be done by hand e.g by transforming the S-parameters to Z-
parameters and make a equivalent T-network to find the balanced impedance (See e.g. Pozar
p.237)

Zpa = Zy1-Zyp + Zyp - 24

When the 2-port impedance is transformed into a balanced impedance the balanced impedance
can be treated as a normal one-port impedance in the smith chart. Once the match has been
found here the matching values has to be translated into real values for the balanced matching
circuit.

Shunt components keep their value whereas the series elements is split up into two components
so that the series connection of the two components will have the same value as the balanced
matching component e.9. Cuyatch = 2*Chgalanced @Nd Lyiaten = 1/2*Lsaianced

4.2 Port extension

The measurement cables to connect to the SAW pads could be e.g. thin semi rigid cables. It is
important to keep these cables short and make sure they are grounded at the end as close to the
tip as possible. It is a good idea to ground them further away from the tip as well to make the
setup more mechanical stable.

For the port extension it is important to check the extension both with the ports short to gnd and
open and choose an extension as a compromise in between. This also gives an idea of the
accuracy you can get with this setup.
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4.3 Theoretical Matching Examples for each band
4.3.1 EGSM Band
EGSM
LNA Input Model: SAW Filter Load SAW Filter Frequency
o+ |-
Data Sheet Values Data Sheet Requires Frequency Band
Resistance Reactance Resistance Inductor (nH) Start Stop
Data Sheet Values 85 -110 Data Sheet Values 150 82 869 894 (MHz)
Single Ended 425 -55 Singe ended 75 41 Center:
Impedance 75 227 Ohms 881.5 (MHz)
75R Normalized 0.57 -0.73 75 R normalized 1 3.03 Ohms
Smith Chart Values Smith Chart Values
R X Ohms G B Seimens
Impedance 0.57 -0.73 Y4 Admittance 1 -0.33 Y
Bl EEZ Match (O] x|

File Edt “iew Help

MNetwork at L5
0.16 @ 96.9
z 0.91 +)j0.31
v 0.99 -j0.33

10.6 nH
z 0.00 +j0.83
b 0.00 - j1.20

= e EE e
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4.3.2 DCS Band
DCS1800
LNA Input Model: SAW Filter Load SAW Filter Frequency
o+ |
Data Sheet Values Data Sheet Requires Frequency Band
Resistance Reactance Resistance Inductor (nH) Start Stop
Data Sheet Values 50 -65 Data Sheet Values 150 18 1805 1880  (MHz)
Single Ended 25 -32.5 Singe ended 75 9 Center:
Impedance 75 104 Ohms 1842.5 (MHz)
75R Normalized 0.33 -0.43 75 R normalized 1 139 Ohms
Smith Chart Values Smith Chart Values
R X Ohms G B Seimens
Impedance 0.33 -0.43 y4 Admittance 1 -0.72 Y
BIEEZ Match M=l B3

File Edit “iew Help

Metwork at L1
0.33{@ 1089
z 0.67 + j0_48
v 0.99 -j0.71

v 0.00-j2.10

EEnNTRERER
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4.3.3 PCS Band

PCS1900
LNA Input Model: SAW Filter Load SAW Filter Frequency
o} |-
Data Sheet Values Data Sheet Requires Frequency Band
Resistance Reactance Resistance Inductor (nH) Start Stop
Data Sheet Values 70 -75 Data Sheet Values 150 22 1930 1990 (MHz)
Single Ended 35 -37.5 Singe ended 75 11 Center:
Impedance 75 135 Ohms 1960 (MHz)
75R Normalized 0.47 -0.50 75 R normalized 1 1.81 Ohms
Smith Chart Values Smith Chart Values
R X Ohms G B Seimens
Impedance 0.47 -0.50 Y4 Admittance 1 -0.55 Y

¥ EEZ Match M=] B3
Fil= Edit Miew Help

Metwork at L3

0.26 @ 105.3

v 1.00 - j0.55

 0.00 - j1_61

BRI EBE R
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