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ABSTRACT

This project is part of a project dealing with the design of a zigbee radio transceiver.The

project involves the testing and validating a IEEE 802.15.4 zighee radio transceiver.

A rectangular microstrip antenna for zighee transceiver was fabricated and tested
using Vector network analyzer(VNA).An impedance bandwidth of 195MHz was ob-
tained from 2.385GHz to 2.560GHz which satisfies zigbee requirements(2.405GHz-
2.480GHz).

This transceiver is controlled by a control register.A verilog code was written and
implemented on spartan-3 FPGA board to pass data to the control register.A PCB
test board was designed for the zigbee chip. In all 8 chips were tested,out of which
only chip 4 and chip 2 are working.Chip 4 is tested under different conditions and
voltage controlled oscillator(VCO) is characterized by plotting output frequency ver-
sus control voltage.

Power amplifier(PA) is characterized by changing its control pins,tzpower(3 : 0] and
measuring its output power.But the output power is very low in comparison to the
specification specified by zigbee(0dBm).The maximum output power delivered is -
19.5dBm.In nut shell,the PLL is working properly.There are some issues with power

amplifier which have to be sorted out.
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CHAPTER 1

Introduction

The need for ubiquitous mobile computing and networking has lead to the devel-
opment of various wireless standards by the IEEE in consortium with the industry
over the last decade. ZigBee is a new industrial standard for ad hoc networks based
on IEEE 802.15.4. It is used for low data rate wireless networks and sensor net-
works. It was developed as a wireless standard for Wireless-Personal Area Networks
working at data rates up to 250 Kbps. Typical operational range of target appli-
ances is around 10 metres. It can be easily incorporated into devices used in home

automation, PC peripherals and health care appliances.

The prime concern in the transceiver design is low cost and low power. So, it is
important to minimize the use of off-chip components as much as possible. There-
fore, direct conversion was used for the transceiver. The design and implementation
of the Zigbee transceiver is a collaborative effort of previous year students .This
thesis deals with the characterization and validation of the Phase locked loop (PLL)
and transmitter chain through hardware testing.An active integrated antenna for

zigbhee transceiver is fabricated and tested.



1.1 Organization of Thesis

Chapter 2 explains the design of the antenna.lt deals with the comparison of re-
sults obtained from simulation with that from VNA.

Chapter 3 explains the architecture of the zigbee chip.

Chapter 4 explains the programming of the control register

Chapter 5 It deals with the measurements related to PLL and power amplifier.
Chapter 6 Layout of antenna and board.

Chapter 7 Conclusions.



CHAPTER 2

Antenna Measurements

2.1 Introduction

The transceiver block requires a receiver antenna and a transmitter antenna. The
rectangular microstrip antenna(RMSA) is one of simplest and most widely used
MSA antenna. Microstrip antennas have recently received much attention due to
the increasing demand of small antennas for personal communications equipment.
It consists of a LxW radiating patch placed on a dielectric substrate, the other end
being an infinite ground plane. The patch is excited by the connector in the coaxial

cable

2.2 Antenna Properties

2.2.1 Voltage Standing Wave Ratio(VSWR)

When we fail to match the impedance of an antenna to its input transmission line
leading from the transmitter or to the receiver, the system degrades due to reflected
power. The input impedance is measured with respect to some transmission line or

source characteristic impedance. When the two are not the same, a voltage wave is



reflected, pV , where p is voltage reflection coefficient:

_Za—2Zo

p_ZA+ZO

(2.1)

where Z, is the antenna impedance and Z, is the measurement characteristics
impedance. On a transmission line the two traveling waves, incident and reflected,

produce a standing wave.

Vinaz =(1 + [p|)V; (2.2)

Vinin =(1 = [p])V; (2.3)
Vinas 1+ |pl

VSWR = = 24

Vinin 1—|p| (24)

VSWR is voltage standing wave ratio.The reflected power is given by ng%.The

2
incident power is ‘;—i.The ratio of reflected power to incident power is |p|%.It is the
returned power ratio:

Return loss = —20log|p| (2.5)

2.2.2 Bandwidth of Antenna

The bandwidth can be considered to be the range of frequencies on either side of a
centre frequency (usually the resonance frequency) where the antenna characteris-
tics (such as input impedance,pattern,gain) are within an acceptable value of those
at centre frequency.For the antenna designed,bandwidth is defined as the range of

frequencies over which return loss is less than 10dB.In other words,VSWR p is less
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2.3 Dual tuning effect

If the antenna is excited at two frequencies f1 and f2, where fl1 and f2 are close
to each other, it is possible to get good impedance matching in a large band of

frequencies. A graphical illustration is shown in Fig.2.1

10dB line

AN

2
f1

Figure 2.1: Concept of dual tuning

2.4 Gap-coupled antennas

A patch placed close to the fed patch gets excited through the coupling between the
two patches. Such a patch is known as a parasitic patch. It has been observed that
addition of parasitic patches increases bandwidth if the two resonating frequencies
are close to each other.Parasitic patches can be placed closed to both radiating and
non-radiating edges of the patch. If parasitic patch is placed close to radiating edges
of the patch it is called radiating edge gap-coupled microstrip antennaand if it is

b}



placed close to non-radiating edge it is known as non-radiating edge gap-coupled

antennas.

2.5 Selection of antenna

After studying various antenna designs discussed in [2].We decided to go for NEG-
COMA because it is easiest to fabricate.One can use other antennas but due to their
larger size they are bulky. NEGCOMA has an impedance bandwidth of 102.2MHz

from 2395.8MHz to 2498 MHz.This impedance bandwidth satisfies the 80MHz band

required for zigbee.

2.5.1 NEGCOMA

NEGCOMA exploits the idea of adding parasitic patches along the non-radiating
edges to increase impedance bandwidth.An antenna is fabricated with the specifica-
tions shown in Table.2.1.The antenna has three resonant frequencies which combine
together to give a large impedance bandwidth.But we observed only two resonant fre-
quencies.In reality there are three resonant frequencies out of which two are close to
each other so we saw only two resonant frequencies.We used VNA E8362B(10MHz-

20GHz) PNA series vector network analyzer.

Dimensons of the antenna are shown in Fig.2.2



Table 2.1: Specifications of antenna

Parameter | Name Value
€r Dielectric constant 4.4
H Substrate thickenss 1.6mm
T Metal thickness 35um
Ly Relative permittivity 1
o Conductivity 4.37 x 107S/m
30.1mm

A
Y

¢5mm

=

(@]

3

3
28.5mm

A
Y

28.5mm
5mm ¢
30.6mm "
Lg=Wg=60mm
&=4.4 Ih:l.Gmrr

Figure 2.2: Dimensions of antenna



2.6

2.6.1

Results obtained from VNA

Feed from the non-radiating side:

The results are shown in fig.2.3

50.00

40.00

30.00

20.00

10.00

000,

-10.00

-20.00

-30.00

-40.00

-50.00
Chi

From Fig.2.3,the return loss(dB) plot intersects the 10dB line at marker3 and
marker4. Therefore,the bandwidth obtained is 160MHz but it ranges from 2.430GHz
to 2.590GHz.From smith chart fig.2.4,the impedance offered by the antenna within

the bandwidth is close to 50€2. There are three resonant frequencies. one at 2.5575GHz

bdler 71: 2557500 GHz  [-31.27 4B
Pelker 2 2473000 GHz 2225 4B
helber 3 2430000 GHz  |49.801 dB
=hlkr 4: 2590000 GHz  [B557 4B

A
-,
——_H“‘hw.q-n-

M
—lt:-ci

s Start 200000 GHz -

Stop 3.00000 GHz

Figure 2.3: Return loss in dB for feed from non-radiating plane

and other two are very close to 2.473GHz.
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kr 1: 2557500 GHz 4787 1
- 1595 01

\ 99.52 pH
3|:u:u:| GH: 433700
‘ 3116 0
“\%’ 20.90 pF

* ak 2556 0
= £69.7 m0)

43.86 pH
95.95 0

8758 01
535.2 pH

Figure 2.4: Smith chart for feed from non-radiating plane

2.6.2 Feed from the radiating side:

The results are shown in fig.2.5

In fig.2.5 the return loss(dB) plot intersects the 10dB line at 2.365GHz and
at 2.560GHz.Therefore,impedance bandwidth is 175MHz which is good enough for
zigbee(2.405GHz-2.480GHz).From smith chart fig.2.6,the impedance offered by the
antenna within the bandwidth is close to 50€2.There are three resonant frequencies.

one at 2.426GHz and other two are very close to 2.55GHz.

A comparison between simulation results and the results obtained from vector
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Figure 2.5: Return loss in dB for feed from radiating plane
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Figure 2.6: Smith chart for feed from radiating plane
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network analyzer (VNA) is presented in table.2.2

Table 2.2: Comparison between simulated and measured values

Antenna Frequency range(MHz) | Impedance bandwidth(MHz)
Simulation results 2395.8-2498 102.2
Coaxial feed from non-radiating side 2430-2590 160
Coaxial feed from radiating side 2365-2560 175

11




CHAPTER 3

The ZigBee Architecture

3.1 Zero-IF architecture

There are many transceiver architectures available.Common architectures which are
suitable for high level of integration are zero-IF(intermediate frequency) and low-
IF.In zero-IF architecture(also called direct conversion or homo dyne architecture
as shown in Fig.3.2 and fig.3.1,the RF spectrum is directly down converted to the
base-band,thus eliminating IR(image rejection) filters. The subsequent filtering and
gain amplification is all done in base-band at low frequencies.

However,there exists many design challenges with zero-IF like DC offset and
1/f noise of the signal path.Since the LO is at the same frequency as carrier,it
may transmit to the antenna and get reflected,resulting in self-mixing.The resulting
time-varying DC offset reduces the dynamic range and may saturate the subsequent
base-band circuits.Since the main aim of designing this transceiver is low cost and
minimize power consumption.Therefore,zero-IF architecture was selected for zigbee

transceiver.

3.2 Description of the zigbee transceiver

Block diagram of zigbee transceiver is shown below:



62.5 2Mchip/s

250KBPS ksymb/s

to-chip

Half
pulse
delay

Half |
sin

shaping ‘
|
_ |
serial-to ‘
-parallel ‘
|
|

Ha}lf | Q

sin

shaping ‘

UP-Mixer

(<)

~

LPF
ey
=] PLL
T

LPF

L—

(X)

UP-Mixer

Figure 3.1: Block diagram of the transmitter[4]

LNA

Mixer — f;:
(>v<) BN %> < apc
T [ e

Figure 3.2: Block diagram of the receiver[4]
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3.2.1 Brief description of blocks used in design

PLL LOOP

PLL is used to generate quadrature I and Q signals in the range from 2.405GHz-
2.480GHz.LC based oscillator is used to design VCO.VCO is made to run at twice
the required frequency and is subsequently divided by two to generate quadrature I
and Q components.

Divider chain is the most power hungry block because it functions at the highest
frequency. Therefore, CML dividers are used because they consume less power com-
pared to CMOS at these frequencies.There is a fixed divider count of 480.Divider
can be programmed from 480 to 496.However,divider modulus can go up to 511.The

unity gain frequency of loop gain is f, ~ 35KHz.

Zigbee Tx

It consists of DAC,LPF mixer and power amplifier(PA) required in transmitter
chain.4-bit DAC and LPF are used to convert the binary tzdatal[3 : 0] and tzdataQ|[3 :
0] components into analog signals.Mixer has been implemented with sufficient lin-
earity and special care has been taken to minimize the mismatch between I and Q
paths.Mixer gain is set to -3.5dB.

Class AB configuration is chosen for the power amplifier.Output power can be varied

with the tzpower < 3 : 0 > pins available on the IC.

14



LNA and MIXER

LNA amplifies the weak received signal using either 1dB or 15dB gain.High gain(15dB)
mode is used when incoming signal power is from -85dBm to -60dBm and low gain
mode is used when it is from -60dBm to -20dBm.To maintain linearity gilbert mixer
was chosen.The output of the mixer is passed through a low pass filter.For testing

purposes,output of the filter is brought out as FB_I+, FB_I—, FB_Q+,FB_Q—.

VGA and ADC

VGA is used to amplify the weak incoming signal with required gain such that the
input to ADC covers its full range of 3V peak-to-peak.4-bit ADC is used to switch

from the analog processing to digital base-band processing.

MEM_DIFF

This is the control block for the zigbee transceiver.lts a control register with 4

address lines and 8 data lines.It is explained in detail in chapter 4.

AM_CLOCKS_TOP

The input to this block is a 80MHz clock.It generates 16MHz DAC clock(dacclk),16MHz

ADC clock and 80MHz reference clock for PLL(fre fuu).

15



BIAS_SOURCES_SINK

The functionality of this block is to provide bias currents.All the currents are gen-

erated from a 5uA reference.

The pin arrangement for the chip is shown in fig. 3.3

A A u— <
- O ] 3
Vv Vv L| 19 + |
9 9 g £ O O
g 02 o0oo0oo0oo0oo0oo0oo0vo 0000 OO0 % @ o
© ©o Z2 o Z z z Z =z Z = WL W
(] oo onoodnddnln
53 52 51 50 49 48 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33
out_Q<2> | [ Js4 [ ] | FB_I-
out_ Q<3> | [ Jss a1 ] FB_I+
Vemref- | [ ]ss 30 | | Addr<3>
vVem [[Js7 20 | Addr<2>
Vemref+ | [ sg 28 | | Addr<1>
out_1<3> | [ Jso 27 | | Addr<0>
out_I<2> [ Jeo 26| D7
out_I<1> | [ Ja ZigBee Transceiver <] | D6
out_I1<0> | [ Je2 EE [ | | D5
Vddvgadc | [ Jes 23] D4
gnda | [ Jes IIT Madras 2[ ] | Write
Rp | [ Jes 2l ] D3
Rn | [ Jes 20[ ] D2
gndfe | [ Jer 19 ] D1
rxinp | [ Jes 18] ] Do
rxinn | [ Jeo [ | | Vtune_out
gndfe | [ ] 16| NC
NC [ 15| NC
vddfe | [ 1= 14 ] VddvCO
NC D73 13D gndVCO
NC | [] o 12[ ] | NC
75 76 77 78 79 80 81 82 83 84 1 2 3 4 5 6 7 8 9 10 11
0O L1 O 0o gUugnQdg
O N A A N AX P a8 s X A A N N N O — = I3
2z YV V98823 ELYLYLY =SS E =
S 88 8% >°33°2°Q0%F5F8 80385
@ 8 8 8 3 S 5§ & 2>
o 2 8 ¥ X R
- 8 X B X X X o
= 8 3 5 g
°

Figure 3.3: Pin description of chip
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CHAPTER 4

The Control Register

As the name suggests,the functionality of control register is to control the analog
blocks used in the zighee transceiver digitally.The main tasks performed by the
control register is to write data at specified addresses and programme the chip.The
data bus is 8-bit wide and address bus is 4 bit wide.

The schematic for memory block is shown in fig.4.1

reg<0>
reg<l>
Data<0:7> :
write :
—> |
addr<0:3> Control Register 1
—_—, |
1
1
1
1
1
Ireg<15>
Di, Q
LK .
¢ D-Flip Flop
Write
CLK CLK Q
Address

Figure 4.1: The control register and the D-flip flop



4.1 Mechanism of read and write

The D-flip flop used to design the register is shown in fig.4.1.

For writing C LK should be high.Data D;, is placed at the input,then required
address is made high by the decoder.Then a write pulse will produce a positive edge
on CLK At this edge,data D;, is written to the output Q. When write signal is
low,CLK is also low.D-flip flop is in regenerative mode.Output cannot be changed

even if there is a change in input data.

4.2 Registers used for zigbee transceiver

Out of 16 registers available 4 registers are used as control registers.The registers

used are described below:

e Register 11:
Its data bus consists of txdummy < 7 : 5 > taxpd,txpower < 3 : 0 >.txpd
low is used to power down the transmitter.tzpower < 3 : 0 > are used to
control the power amplifier(PA).Make txpower < i > low to activate power

amplifier(PA).txdummy < 7 : 5 > bits are don’t care.

e Register 12:
Its data bus consists of plldummy < 7 : 5 > modulus < 4 : 0 >.Modulus < 4 :
0 > sets the divider ratio in divider chain used in PLL.A fixed division ratio of
480 is used in the feedback path.modulus < 4 : 0 > provides an increment over
and above 480.So the minimum count is 480 for modulus < 4 : 0 >=00000 and

18



the maximum is 511 for modulus < 4 : 0 >=11111.But zigbee specifications
limits the divider ratio to 496(modulus < 4 :>= 10000).Plldummy bits are

don’t care.

e Register 13:
Its data bus consists of vcodummy,vcolbias < 2 : 0 > tune_ctl,vcofreq < 2 :
0 >.vcolbias < 0 >is used to control bias currents used in VCO.If it is 0 VCO
consumes 1mA current. If it is 1 VCO current switches to 1.2mA.vcolbias <
1 > vcolbias < 2 > are used to control currents in the voltage buffers used
after divide by 2 circuit used in PLL.vcolbias < 1 >wcolbias < 2 > low
switches the current from 60uA to 80uA.tune_ctl is made high to monitor
the control voltage. wvcofreq < 0 > is made high to add additional 50fF
capacitance in parallel to the varactor.This will reduce the oscillation frequency

of VCO.

e Register 14:
Its data bus consists of redummy < 7 : 5 > rapd,regain,rebw < 2 : 0 >.repd
low is used to power down the receiver.rzgain is made high to switch the gain
of amplifier from 1dB to 15dB.rxzbw < 2 : 0 > varies the bandwidth of the

receiver filter.

4.3 Programming the control register

There are many ways to programme the control register. We used spartan-3 FPGA
boards to programme the memory. The design is implemented using behavioral

19



modeling .The input and output ports of top level module is shown is fig.4.2

e Input port:
rst—-At positive edge of rst, FPGA starts sending the required data to the
corresponding registers. At negative edge of rst,it stops sending data.
meclk—-This the master clock used in the design.All other clocks are derived
from it.We used a 50MHz onbaord clock available on spartan-3 FPGA board.
dacclk—-This is used to synchronize the transmit data that is generated by

spartan-3 FPGA board with the dacclk used in the chip

e Output port:
data < 0 : 7 >—-8-bit data bus.
addr < 0 : 3 >—-4-bit address bus.
welk—-write clock
trdatal < 3 : 0 >, txdata) < 3 : 0 >—These are the I < 3 : 0 > and

@ < 3:0 > inputs for the DAC used in transmitter.

The verilog module is shown in fig.4.2. The data and address bus have a period of
24.41KHz.We generated wclk in such a fashion that for all the four addresses wclk
has a pulse at the center of data and address signals.So by the time write pulse
comes,data and address lines are stabilized and then on the rising edge of wclk data

is written in the chip.Operation of this module is explained below:

1. First identify the data that needs to be passed to the chip.Then type this data
in the verilog code.

20



2. Then reset the whole system by giving a negative edge of rst.

3. After this,on the positive edge of rst , data and address buses write data on the

chip.Now one can reprogramme the chip as many times by using rst switch.

Data[0:7]
o welk
mclk Addr[0:3]
ZigBee Module .
dacdlk txDatal[0:3]
txDataQ[0:3]

Figure 4.2: Verilog module used for programming control register

Since the output pins of spartan-3 swings from 0V to 3.3V.We used resistive

divider network to scale down all the signals to 1.8V.

Timing diagram for the above module is shown in fig.4.3

Addr[3:0] B >< C >< D >< B >
pralrol FO X El X % X EO >

welk Z Caa— Z Z

Figure 4.3: Timing diagram
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CHAPTER 5

PLL and power amplifier measurements

This section forms the crux of this thesis and deals with the practical testing of
frequency synthesizer.It provides a brief description of the architecture used for

PLL.After this measurement results of the frequency synthesizer are given.

5.1 Synthesizer architecture

Synthesizer architecture is shown in fig.5.1. Specifications for PLL are shown in

table.5.1.
Table 5.1: PLL specifications
Performance metrics Specifications
Settling time 192us
Accuracy +40ppm,for a center frequency of 2.5GHz it is £100KHz

Phase noise -92dBc/Hz at an offset of 3.5MHz from carrier
Spurs at 5SMHz -20dBc
Spurs at 10MHz -50dBc

5.1.1 PFD and CP

The schematic is shown in fig.5.2.Standard tri-state PFD architecture was used to
design PFD. The operation of the PFD is explained below.The outputs up and dn

can be in any of the four states



tune_ctl Switch vtune_out
VCO _Ibias<0> VCO_Ibias<1>
fref w
—— Control voltage
PFD up CP VCO /2 block
ffeedback‘ dn
> c q+ LO+Q
— % buffer
o
dn ﬁ LO-Q
_ _ VCO_freg<0>
C=2200F I == =R VCO_Ibias<0>

Differential to - .

single ended | Divider chain
845444
bYHHoH
2=2=222
030 0 20 3
88888
EEEEE

Figure 5.1: Architecture of frequency synthesizer
Vdd
10uA
wqn

S5MHz reference clock

Feedback signal

nqn

rst

rst

Y Y
f

0.9v

Figure 5.2: PFD and charge pump
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e up = 0,dn = 0: The output control voltage is in high impedance state.When
the PLL is in lock state this is the ideal state that one would expect in the-
ory.But in practice PFD is designed in such a way that control voltage suffers
from small ripples at a frequency equal to reference frequecny.This is the reason

why output spectrum of PLL shows spurs at multiples of reference frequency.

e up = 0,dn = 1:This occurs if frequency of feedback signal is higher than 5MHz
reference signal.Under this condition,control voltage decreases and makes VCO

to run at a lower frequency.

e up = 1,dn = 0:It means reference frequency is higher than feedback signal

and control voltage increases to make vco run at a higher frequency.

e up = 1,dn = 1:This will never occur because of the reset signal.

5.1.2 Loop filter, VCO and divide by 2 block

The values of R,C'1 and C2 used in the loop filter is shown in figh.1.Using these
values a loop bandwidth of 35KHz is obtained.

VCO is designed using a LC tank and a negative resistance provided by cross -
coupled differential pair. Frequency of oscillation is varied by changing the var-
actor value.To make VCO oscillate at the right frequency,two external control sig-
nals namely vcolbias < 0 > and vcofreq < 0 > are provided.These values can
be set through the control register.vcolbias < 0 > low switches the tail current of
VCO from 1mA to 1.2mA.vcofreq < 0 > high decreases the frequency of oscillation

because it adds an additional 50fF capacitor in parallel with the varactor.
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A switch is provided at the input of VCO called tune_ctl.Make this 1 to monitor the
control voltage.VCO output is further divided by two to generate quadrature I and
Q components.As explained in [1],since the divider circuit is loaded by mixer and
subsequent divider chain,it was taking up a lot of current. Therefore,I and ) signals
are passed through buffers. vcolbias < 1 >and vcoblias < 2 > low,switches the

current of buffers from 60uA to 80uA.

5.1.3 Programmable divider chain

The divider chain must be programmable from 481 to 496 to switch channels from

2.405GHz to 2.480GHz.The architecture used for this purpose is shown in fig.5.3:

Foul

Fin ) . ) FP— == = = ——] . ) - ) . )
— " 5| Divhy B Div by Div by - Div by D Div by D Div by
2/3 — 2/3 = = = = =< 2/3 — 2/3 —~ 2/3 —~ 2/3 <
T my T m, m, T m, T ms T mg T m=1

Po Py Pa Ps Ps p7

Figure 5.3: Programmable divider chain

Working principle The programming bits control the output frequency. The
last cell generates the signal m;=1.This signal then propagates upwards and divides
the input frequency by three if programming input pi is set to 1.Division by 3 will
add one more period of each cell’s input signal to period of output signal.Since a
modulus count of greater than 480 is required.The last three cells of the chain have

their programming bits connected to 1.Under these conditions the output frequency
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is given by:

F;

Fou =
C28 27+ 26425+ 24p, + 2ps + 22py + 21p; + 20

(5.1)

Therefore,divider can be programmed from 480 to 511.The programmable bits can

be set by programming the modulus < 0 : 5 > bits available in register 12.

5.2 Board description

To test PLL a test board was designed.Orcad software was used to design the

PCB.The PCB is manufactured on a copper plate FR-4 dielectric.

Power supply and grounding plane

The performance of the system is hugely affected by power supply noise.For exam-
ple,control voltage is very sensitive to power supply variations.Vy; supply is reg-
ulated using TPS7301 power regulator.Before passing supply to chip,it is filtered
using parallel bank of surface mount capacitors.A good ground plane is essential for

good performance because it helps in minimizing parasitic capacitance.

Reference clock

Spectral purity of PLL output is heavily depends on the reference. Since the PLL
loop behaves as low pass ,from reference input to output. Most of the noise from

reference is passed to the output. In practice it is necessary to use a crystal with high
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accuracy. But for testing purpose we used a 80MHz clock from a signal generator.

Current reference

Due to the unavailability of buA reference,we used 100K resistor in place of it.
From simulations the drain potential for pmos device was found to be 342mV.The
resistance value came out to be 68K for buA current. We tested with 68K but we
got a drain potential of 420mV.It seems like either V}; of pmos has decreased or its
mobility has increased. After doing 5 iterations,we found that 100K resistance gives

a current of bHuA.

Off chip components

For biasing the output pins of transmitter,10nH inductors are connected from supply
to the output pins.SMA connectors are used to feed 80MHz reference clock and tap

RF outputs at 2.4GHz.

Some board issues

There seems to be a coupling between control voltage and 16MHz dacclk. While
observing control voltage in oscilloscope a waveform was seen with a period of
16MHz.To solve this issue,we cut the trace for dacclk on PCB. After cutting this

trace,the coupling was not seen.
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5.3 Measurement results

The equipments used for testing are shown in Table.5.3.

The DC bias conditions for the chip are shown in table.5.2

Table 5.2: DC conditions for zighee chip

Signal DC value
txoutn, troutp 1.8V
vrefdac 0.9V
envilp_ref 1.5V
vemre f— 0.15V
vem 0.9V
vemre f+ 1.65V

Table 5.3: Equipments used for testing

Equipment used

Purpose

Agilient E4422B signal generator(250KHz-4GHz)

80MHz reference for PLL

HP 8592A spectrum analyzer(50KHz-22GHz)

Output spectrum from power amplifier

GWlInstek GDS-840C Digital oscilloscope

Control voltage measurement

GWlnstek GDS-4303 4CH DC power supply

Input to the power regulator

5.3.1 Frequency synthesis

The synthesizer is first tested for its basic operation-generation of 16 channel select

frequencies. The table.5.5 shows the output frequency observed for each divider ratio

ranging from 480-496.We tested in all 8 chips out of which 2 chips seems to work.The

data presented below is for chip 4.The reference frequency is set to 80MHz.Other set-

tings for the chip are listed in table.5.4.The supply voltage is 1.8V.During measure-

ments the resolution bandwidth(RBW) is set to 100kHz.All spectrums are observed
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single-ended not differentially.

Table 5.4: Chip 4 settings

Signal name Bit value Meaning
txpd 1 Transmit path is on
tepower|3 : 0] 0000 PA is transmitting maximum power
veolbias|0] 1 VCO tail current is set to ImA
veolbbias[2 : 1] 00 Buffer currents are set to 80uA
tune_ctl 1 Enable the control voltage monitor
rapd, regain, rebw(2 : 0] | all 0’s Disable the reciver path

Table 5.5: N vs output frequency data for chip 4 with f,.;=80MHz and Vz;=1.8V

Nser | Output frequency(GHz) | Control voltage(mV) | Npeasured
480 2.39958 52.1 479.916
481 2.39958 52.1 479.916
482 2.40501 145 481.002
483 2.40970 207 481.94
484 2.41448 262 482.896
485 2.41969 306 483.938
486 2.42474 347 484.948
487 2.42969 385 485.938
488 2.43474 422 486.948
489 2.43979 453 487.958
490 2.44484 483 488.968
491 2.44979 514 489.958
492 2.45484 544 490.968
493 2.45989 572 491.978
494 2.46494 603 492.988
495 2.46988 630 493.976
496 2.47494 658 494 .988

There is a constant offset of 1 between the divider ratio set through programming
and the divider ratio obtained after measurements.Due to this,output frequency is
always 5MHz less than what is desired.One reason why this is happening is because
reference clock is not exact.Lets say divider is set to 480.Then change in output
frequency is given by
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fout :48Ofref (52)

Afout :480Af7"ef (53)

From above equation,if f,.; changes by 10KHz.Then output f,,: changes by 4.8MHz.

We did one more test with chip 4 with reference frequency set to 80.36MHz.The
supply voltage is 1.8V.Other settings are the same as shown in table.5.4.The table.5.6

shows the output frequency observed for each divider ratio ranging from 480-496.

Table 5.6: N vs output frequency data for chip 4 with f,.;=80.36MHz and V33=1.8V

Nger | Output frequency(GHz) | Control voltage(mV) | Npeasured
480 2.40648 151 479.140
481 2.41159 216 480.157
482 2.41664 271 481.163
483 2.42143 317 482.116
484 2.44264 356 483.106
485 2.43091 392 484.004
486 2.43590 427 484.998
487 2.44088 460 485.989
488 2.44593 492 486.994
489 2.45107 521 488.018
490 2.45599 550 488.998
491 2.46114 580 490.023
492 2.46610 608 491.010
493 2.47106 637 491.998
494 2.47603 665 492.988
495 2.48099 696 493.975
496 2.48595 724 494.963

We increased the supply voltage from 1.8V to 2V to increase the headroom for

the transistors in the divider chain.We tested all the chips with 2V.Still only chip 4
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was found to work.Table.5.7 shows the output frequency observed for each divider
ratio ranging from 480-496.For this test,control voltage became more sensitive. While
measurnig control voltage,there were ripples on it as high as 140mV because of the

probe capacitance.

Table 5.7: N vs output frequency data for chip 4 with f,.;=80MHz and V=2V

Nger | Output frequency(GHz) | Nyeasured
480 2.40670 479.140
481 2.40670 480.157
482 2.40670 481.163
483 2.41008 482.116
484 2.41513 483.106
485 2.42014 484.004
486 2.42509 484.998
487 2.42982 485.989
488 2.43482 486.994
489 2.43983 488.018
490 2.44477 488.998
491 2.45005 490.023
492 2.45506 491.010
493 2.46008 491.998
494 2.46506 492.988
495 2.47015 493.975
496 2.47517 494.963

Fig.5.4 shows the output frequency versus control voltage plot.From these plots

Kyco is 164MHz/V.PLL was designed for a Kyco of 140MHz/V.

5.3.2 Phase noise and spurious components

We measured spurs and phase noise for chip 4 under these conditions:
Vaa = 2V, Frcy = 8OM H z, modulus ratio = 480.

A comparison between the testing results,simulation results and zigbhee specifications
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Figure 5.4: VCO characteristics

is shown in table.5.8

Table 5.8: Comparison between phase noise and spurs

Performance metrics | Zigbee specifications | Simulation results | Testing results
Spur at 5SMHz -20dBc -39dBc -48dBc
Spur at 10MHz -50dBc -50dBc -56dBc

Phase noise -92dBc/Hz -117dBc/Hz -132dBc/Hz

5.3.3 Output Spectrum

The output spectrum for the above test cases is shown in fig.5.6 and in fig.5.8

From above graphs,we can see the reference spurs which proves that the synthe-

sizer is in locked state.
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CONTER 2,450 Gmz
RES 0

Figure 5.5: f,.;=80MHz,V;q=1.8V,N=487  Figure 5.6: f,.;=80.36MHz,V;3=1.8V,N=480

Fig.5.8 shows a zoomed in version of the spectrum.A reference spur at 5MHz is

$VBK 1 kHz

Figure 5.7: f,o;=80MHz,V;q=2V N=482  Figure 5.8: f,.;=80MHz,V;y=2V N=480

seen which suggests that PLL is in lock state.

5.4 Power amplifier

5.4.1 Architecture

A class AB differential power amplifier is used here.Its half schematic is shown in

fig.5.9. Therefore,to activate a particular branch tzpower < ¢ > should be low.
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gnd

txpower<k>

Vi K=1,2,3,4

Figure 5.9: PA half-circuit schematic
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5.4.2 Power amplifier measurements

We measured the power amplifier output against variations in txpower[3:0] pins for
chip 4.The measured values are shown in table.5.9.For this experiment f,.y=80MHz,N =

494 and Vz;=1.8V was chosen.The noise floor was at -86dbm.

Table 5.9: Power amplifier readings with V;;=1.8V

txpower[3:0] | Power amplifier output(in dbm)

0000 -19.44
0001 -20.11
0010 -20.65
0011 -21.37
0100 -21.92
0101 -22.8
0110 -23.88
0111 -24.58
1000 -25.6
1001 -26.9
1010 -28.6
1011 -30.25
1100 -32.29
1101 -35

1110 -41

1111 -52

We changed the supply from 1.8V to 2V and again measured the output power
against txpower(3 : 0] bits.The measured values are shown in table.5.10.Other set-

tings are the same as for 1.8V.

5.5 Problems encountered with other chips

In all other chips except chip 8,control voltage was not able to settle to a particular
value.PLL was not able to synthesize properly.We tried to make control voltage
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Table 5.10: Power amplifier readings with V;;=2V

tepower(3 : 0] | Power amplifier output(in dbm)

0000 -19.66
0001 -20.2
0010 -20.92
0011 -21.56
0100 -22.22
0101 -23.07
0110 -23.82
0111 -26

1000 -26

1001 -27.26
1010 -28.82
1011 -30.52
1100 -32.7
1101 -35.76
1110 -41.63
1111 -53.6

settle by changing reference frequency but control voltage either saturates to lower
rail or higher rail. We switched off the control voltage monitor and again tested all

chips,still PLL was not able to synthesize.
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CHAPTER 6

Layout

6.1 Board layout

Layout for antenna and PCB are shown in fig.6.1and fig.6.2

Figure 6.1: Layout for antenna



Figure 6.2: Layout for board
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CHAPTER 7

Conclusions

An NEGCOMA antenna is implemented for zighee standard.The antenna is
tested with the help of VNA.An impedance bandwidth of 175MHz from 2385MHz-

2560MHz is obtained which is good enough for zighee band(2405MHz-2480MHz).

We tested 8 chips.Only chip 4 and chip 2 are working.PLL in Chip 4 is working
fine.By changing txpower[3 : 0] pins,the magnitude of output power does change. With
change in txdatal[3 : 0] and tzdata@|3 : 0],output power changes.From above we

can say that mixer,PLL and PA in the transmitter chain are working.

In other chips,control voltage does not settle to a particular value.We changed
the reference frequency from 70MHz-90MHz,control voltage either saturates to lower

rail or higher rail. With change in N control voltage does not change for these chips.

Transmitter has to be tested with a MSK(minimum shift keying) modulated
data to observe its spectrum and checking whether it satisfies the transmit mask
specified by zigbee.A setup is to be made to measure the settling time for frequency

synthesizer.
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