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1
DIGITALLY CONTROLLED ANTENNA
TUNING CIRCUIT FOR RADIO FREQUENCY
RECEIVERS

FIELD OF THE INVENTION

The present invention relates generally to antenna tuning
circuits and more particularly to digitally controlled antenna
tuning circuits for use with radio frequency (RF) receivers.

BACKGROUND OF THE INVENTION

As the use of computers and especially handheld or mobile
electronic devices continues to increase at a rapid rate, the
demand for peripherals and systems connected via wireless
connections continues to increase. The number of wireless
applications is currently increasing at a very high rate in areas
such as security alarms, networking, personal computing,
data communications, telephony and computer security.

Wireless communications currently may take many forms
such as ultrasonic, IR and RF. In the case of RF communica-
tions, wireless transmitters, receivers and transceivers use
one or more antenna elements to convert an electrical RF
signal to and from an electromagnetic wave. During trans-
mission, the antenna serves as a radiator, generating the elec-
tromagnetic wave. During reception, the antenna serves as an
absorber, receiving the electromagnetic wave.

An antenna is a transducer designed to transmit and/or
receive radio waves which are a class of electromagnetic
waves. Antennas function to convert RF electrical currents
into electromagnetic waves and to convert electromagnetic
waves into RF currents. Antennas are used in systems such as
radio and television broadcasting, point-to-point radio com-
munication, Wireless Local Area Network (WL AN), Broad-
band Wireless Access (BWA), radar, and space exploration.

An antenna typically comprises an arrangement of electri-
cal conductors that generate a radiating electromagnetic field
in response to an applied alternating voltage and the associ-
ated alternating electric current. When placed in an electro-
magnetic field, the field induces an alternating current in the
antenna and a voltage is generated between its terminals.

An antenna is an electrical element having defined reso-
nance frequencies and bandwidth. The resonant frequency of
anantenna is related to the electrical length of the antenna (i.e.
the physical length of the wire divided by its velocity factor).
Typically, an antenna is tuned for a specific frequency and is
effective for a range of frequencies usually centered around
the resonant frequency. Other properties of the antenna (espe-
cially radiation pattern and impedance), however, change
with frequency.

Often times, however, the natural operating frequency
band of the antenna is either (1) not sufficiently wide enough
to cover the needs of the wireless system or (2) is not in the
proper spectrum location where the antenna is required to
function. In such cases, a tuning circuit is added to the antenna
which allows it to operate over a wide range of frequencies.

As an electromagnetic wave travels through the different
parts of the antenna system (e.g., radio, feed line, antenna,
free space) it encounters differences in impedance. At each
interface, depending on the impedance mismatch, some frac-
tion of the energy of the wave reflects back to the source
forming a standing wave in the feed line. The ratio of maxi-
mum power to minimum power in the wave is called the
standing wave ratio (SWR). Minimizing impedance differ-
ences at each interface via impedance matching minimizes
the SWR and maximizes power transfer through the antenna
system.
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As with the resonant frequency, the complex impedance of
an antenna is also related to the electrical length of the
antenna at the wavelength in use. The impedance of an
antenna can be matched to the feed line and radio by adjusting
the impedance of the feed line, using the feed line as an
impedance transformer. More commonly, however, the
impedance is adjusted at the load using an antenna tuning
circuit, balun, matching transformer or impedance matching
networks composed of inductors and capacitors.

Currently, two types of antenna tuning circuits are in wide-
spread use today. One is varactor based tuning circuits and the
second is PIN diode tuning circuits. Note that in some cases,
the two circuit types can be combined into a single hybrid
tuning circuit.

Varactor Based Tuning Circuits

A tuning circuit for an antenna is basically a reactive net-
work (ideally lossless), based on reactive inductors, capaci-
tors and variable capacitors (i.e. varicaps). The tuning circuit
functions as an impedance matching network that matches
the antenna’s impedance for maximum power transfer to and
from the source. By definition, however, the impedance
matching network has a limited defined bandwidth. There-
fore, the antenna impedance is matched only with this limited
defined bandwidth.

In order to actively cover a wider bandwidth using an
impedance matching network, variable capacitors are used. A
variable capacitor is a capacitor whose capacitance may be
changed mechanically or electrically (i.e. a varactor). Vari-
able capacitors are typically used to set the resonance fre-
quency in LC circuits or as a variable reactance used for
impedance matching in antenna tuners.

A block diagram illustrating a prior art example of an
impedance matching network coupled to a TX/RX circuit is
shown in FIG. 1. The circuit, generally referenced 10, com-
prises an impedance matching network 14 adapted to match
the impedance of the antenna 12 to that of the TX/RX circuit
16.

A schematic diagram illustrating a prior art example of an
impedance matching network based on a mechanically vari-
able capacitor is shown in FIG. 2. The circuit, generally
referenced 20, comprises an impedance matching network 28
adapted to match the impedance of the antenna 22 to the
output impedance of the signal source. The impedance
matching network 28 is based on inductance [ 24 and vari-
able capacitor C 26. Note that the capacitor 26 comprises a
mechanically variable capacitor.

A schematic diagram illustrating a prior art example of an
impedance matching network based on an electrically vari-
able capacitor is shown in FIG. 3. The circuit, generally
referenced 30, comprises an impedance matching network 31
adapted to match the impedance of the antenna 32 to the
output impedance of the signal source. The impedance
matching network 31 comprises inductance L. 34, variable
capacitor C(V) 38 and DC blocking capacitors C 36, 39. Note
that the capacitor C(V) comprises an electrically variable
capacitor (i.e. varactor).

In both FIGS. 2 and 3, the antenna impedance matching
network is a series LC network. This network functions as a
first order band pass filter. The impedance generated at the
port is expressed mathematically below in Equation 1:

(W) = Zope + 21+ Zc ®

i 1
=Zgm + jL + ]w_C
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3

-continued

. 1
=Zont +](wL— R‘]

where

Z() is the impedance as seen looking into the matching
network;

Z,,. 1s the impedance of the antenna;

Z; is the impedance of the inductor L;

7 1s the impedance of the capacitor C;

o is the frequency in radians;

L is the value of the inductor;

C is the value of the capacitor;

Equation 1 above demonstrates the relation between the
impedance and the capacitor value C. In the electrically tun-
able circuit shown in FIG. 3, a varactor element 38 is used to
implement the variable capacitance. A varactor or tuning
diode is a type of diode having a variable capacitance that is
a function of the voltage applied to its terminals. The diode
presents an AC capacitance when a reverse biased voltage V
is applied across its terminals. The capacitanceis a function of
the reverse DC voltage V imposed on the diode. This is
presented in the drawing as C(V). Generally, the width of the
depletion region across the PN junction of the varactor is
proportional to the square root of the applied voltage and
capacitance is inversely proportional to the depletion region
width. Therefore, capacitance is inversely proportional to the
square root of the applied voltage.

To avoid any DC coupling, the varactor diode is AC
coupled using capacitors C 36, 39 on its two terminal ends.
The coupling capacitors C are of much greater value than the
AC capacitance presented by the varactor, therefore they do
not play a major role in establishing the impedance matching
characteristics of the tuning circuit.

PIN Diode Based Tuning Circuits

A schematic diagram illustrating an example prior art PIN
diode digital tuning circuit is shown in FIG. 4. The circuit,
generally referenced 40, comprises an impedance matching
circuit 41 coupled to an antenna 42. The impedance matching
circuit 41 comprises inductors [.1, .2, 1.3, L4 referenced 74,
72,70, 68, respectively, PIN diodes 44, 46, 48, 50, 52, 54, 60,
62, 64, 66, capacitor C 76 and resistor R 78.

A PIN diode is a diode with a wide, undoped intrinsic
semiconductor region between p-type semiconductor and
n-type semiconductor regions. PIN diodes act as near perfect
resistors at RF and microwave frequencies. The resistance is
dependent on the DC current applied to the diode. The benefit
of a PIN diode is that the depletion region exists almost
completely within the intrinsic region, which is almost a
constant width regardless of the reverse bias applied to the
diode. This intrinsic region can be made large, increasing the
area where electron-hole pairs can be generated.

In operation, a PIN diode is an RF element that can be in
one of two operating modes. The first mode of operation is
when the diode is not DC biased forward where it presents
very low capacitive AC impedance. In the second mode of
operation the diode is DC biased forward where it presents
very low resistive AC impedance.

In the circuit of FIG. 4, which is used for both transmit and
receive operations, the PIN diodes are DC switched on (i.e.
forward biased) and off (i.e. not forward biased) so as to
function as RF switches that can be opened and closed. A DC
bias voltage 88 is applied to the series inductors. This bias
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4

voltage is prevented from leaking back to the RF signal source
89 via blocking capacitor C 76.

The circuit 41 utilizes switched PIN diodes to realize a
tuning circuit comprising a set of inductors connected in
series. The inductors, marked [.1-[.4 present a total induc-
tance of

L=L1+L2+L3+L4 )

The array of PIN diodes arranged in parallel to this set of
inductors enables short circuiting each inductor individually
via control signals CONTROL 1 (80), CONTROL 2 (82),
CONTROL 3 (84), CONTROL 4 (86). By short circuiting
each inductor, a lower total inductance can effectively be
generated. For example, if inductors [.1 and [.4 are short
circuited via control signals CONTROL 1 and CONTROL. 4,
respectively, than the total inductance along the signal path
becomes

L=L2+L3 3)

The tuning circuits presented above, and other tuning cir-
cuits derived from the same family of topologies, however,
suffer from the following disadvantages. Regarding the var-
actor based tuning circuits described above, the use of varac-
tors limits the dynamic range of the circuit. Most varactors
typically have a relatively low variance range of capacitive
values. A typical varactor provides for a factor of two between
its lowest and highest values.

Regarding the PIN diode based tuning circuit described
above, tuning topologies based on the use of PIN diodes
requires at least two PIN diodes for each stage with some
stages requiring four PIN diodes. This is necessary where
relatively high levels of power are present during transmit
operation. Commonly used PIN diodes are relatively expen-
sive components. Thus, a disadvantage of this topology is the
large number of PIN diodes required to realize the circuit. At
least two PIN diodes are required for each stage in the tuning
circuit to handle relatively high power RF signals. Depending
on the application, when in transmit mode, the path to the
antenna may be required to handle high power RF signals.
Such high powered signals are likely to affect the DC bias
point of the PIN diodes. Thus, the two or four PIN diodes in
the circuit 41 (FIG. 4) is required to enable the tuning circuit
to maintain the DC bias point of the PIN diodes.

It would therefore be desirable to have an antenna tuning
circuit that is capable of selectively switching tuning ele-
ments in and out of the antenna signal path in accordance with
applied control signals. The antenna tuning circuit should be
able to selectively switch tuning elements utilizing a single
PIN diode per element thus significantly reducing the cost of
the tuning circuit.

SUMMARY OF THE INVENTION

The present invention is a novel digitally controlled
antenna tuning circuit that overcomes the disadvantages and
drawbacks of prior art tuning circuits. The antenna tuning
circuit of the present invention enables the implementation of
low cost, wideband tuning circuits for antennas in receive
applications.

The invention is operative to provide for the switching of a
plurality of tuning elements into and out of a main receive
signal path. Each individual tuning element is switched into
or out of the receive signal path using a single PIN diode. For
series connected tuning elements, the diode is connected in
parallel to the tuning element. For tuning elements connected
in parallel, the diode is connected in series with the tuning
element. Applying a control voltage across the diode forward
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biases it and it can be considered effectively a low resistance.
Thus, for diodes connected in parallel to the tuning element,
a high control voltage across the diode creates an electrical
short circuit thus taking the tuning element out of the main
receive signal path. For diodes connected in series with the
tuning element, a high control voltage across the diode cre-
ates an electrical short circuit thus inserting the tuning ele-
ment into the main receive signal path.

Since the circuits of the present invention assume small
signal receive power levels, they are not applicable to trans-
mitter applications which typically feed high powered signals
to the antenna. The tuning circuits of the invention are appli-
cable to receive mode operation of transceivers or to receivers
constructed only to receive an RF signal and not transmit.

One application of the tuning circuits of the invention is in
mobile and handheld devices such as PDAs, cell phones, etc.
Although not suitable for transmission of the cellular signal,
the tuning circuits of the present invention can be used in FM
receiver circuits, television signal receiver circuits, GPS
receiver circuits or any other receive mode application (i.e.
transceiver or receive only) where the power generated on the
antenna and passing through the receive signal path can be
considered ‘small signal.’

The use of the antenna tuning circuits of the present inven-
tion provides numerous advantages, including the following:
(1) the ability to reduce the number of PIN diodes required per
tuning element from two or four in prior art circuits to one,
thus significantly reducing the cost of the resulting circuit; (2)
the ability to configure tuning elements in the antenna tuning
circuit in either a parallel or series configuration; and (3) the
ability to use any combination and number of capacitors and
inductors in the antenna tuning circuit in any desired parallel
or series configuration.

Note that some aspects of the invention described herein
may be constructed as soft core realized HDL circuits embod-
ied in an Application Specific Integrated Circuit (ASIC),
Field Programmable Gate Array (FPGA) or other integrated
circuit (IC), or as functionally equivalent discrete hardware
components.

There is thus provided in accordance with the present
invention, an antenna tuning circuit comprising one or more
tuning stages coupled to an antenna for receiving a radio
frequency (RF) signal, the one or more tuning stages opera-
tive to form a main signal path from the antenna to an output
and one or more PIN diodes, each PIN diode coupled to one
of the tuning stages and operative to electrically insert and
remove its corresponding tuning stage from the main signal
path in accordance with a control signal.

There is also provided in accordance with the present
invention, a antenna tuning circuit comprising a plurality of
tuning stages coupled in a series configuration, one end of the
series combination coupled to an antenna adapted to receive
a radio frequency (RF) signal, the series combination opera-
tive to form a main signal path from the antenna to an output
and a plurality of PIN diodes, each PIN diode coupled in
parallel across one of the tuning stages and operative to elec-
trically insert and remove a corresponding tuning stage from
the main signal path in accordance with a control signal.

There is further provided in accordance with the present
invention, a antenna tuning circuit comprising a plurality of
tuning stages coupled in a parallel configuration, one end of
the parallel combination coupled to an antenna adapted to
receive a radio frequency (RF) signal, the parallel combina-
tion operative to form a main signal path from the antenna to
an output and a plurality of PIN diodes, each PIN diode
coupled in series with one of the tuning stages and operative
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6

to electrically insert and remove a corresponding tuning stage
from the main signal path in accordance with a control signal.

There is also provided in accordance with the present
invention, a antenna tuning circuit comprising a plurality of
tuning elements arranged in one or more series and parallel
combinations, switching means coupled to the plurality of
tuning elements and operative to connect one or more of the
tuning elements to a main signal path thus creating an imped-
ance network for an antenna coupled thereto and the switch-
ing means comprising a plurality of PIN diodes, each indi-
vidual PIN diode operative to eclectically switch one of the
tuning elements into or out of the main signal path in accor-
dance with a respective control signal.

There is further provided in accordance with the present
invention, a mobile communications device comprising a
cellular transceiver operative to receive and transmit cellular
transmissions to and from a base station, a second radio
operative to only receive a signal from an antenna coupled
thereto, an antenna tuning circuit coupled to the antenna and
the second radio, the antenna tuning circuit comprising a
plurality of tuning elements arranged in one or more series
and parallel combinations, switching means coupled to the
plurality of tuning elements and operative to connect one or
more of the tuning elements to a main signal path thus creat-
ing an impedance network for an antenna coupled thereto, the
switching means comprising a plurality of PIN diodes, each
individual PIN diode operative to eclectically switch one of
the tuning elements into or out of the main signal path in
accordance with a respective control signal and a processor
operative to receive data from the second radio and to send
and receive data to and from the cellular transceiver.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention is herein described, by way of example only,
with reference to the accompanying drawings, wherein:

FIG. 1 is ablock diagram illustrating a prior art example of
an impedance matching network coupled to a TX/RX circuit;

FIG. 2 is a schematic diagram illustrating a prior art
example of an impedance matching network based on a
mechanically variable capacitor;

FIG. 3 is a schematic diagram illustrating a prior art
example of an impedance matching network based on an
electrically variable capacitor;

FIG. 4 is a schematic diagram illustrating an example prior
art PIN diode digital tuning circuit;

FIG. 5 is a schematic diagram illustrating a first example
embodiment of the antenna tuning circuit of the present
invention having series connected tuning elements;

FIG. 6 is a schematic diagram illustrating a second
example embodiment of the antenna tuning circuit of the
present invention having series connected tuning elements;

FIG. 7 is a schematic diagram illustrating a third example
embodiment of the antenna tuning circuit of the present
invention having series connected tuning elements;

FIG. 8 is a schematic diagram illustrating a fourth example
embodiment of the antenna tuning circuit of the present
invention having parallel connected tuning elements;

FIG. 9 is a schematic diagram illustrating a fifth example
embodiment of the antenna tuning circuit of the present
invention having a combination of series connected and par-
allel connected tuning elements; and

FIG. 10 is a simplified block diagram illustrating an
example communication device incorporating the digitally
controlled antenna tuning circuit of the present invention.

Samsung Ex. 1014, Page 13 of 19



US 8,583,065 B2

7
DETAILED DESCRIPTION OF THE INVENTION

Notation Used Throughout

The following notation is used throughout this document.

Term Definition

AC Alternating Current

ASIC Application Specific Integrated Circuit
AVI Audio Video Interleave

BMP Windows Bitmap

BWA Broadband Wireless Access

CPU Central Processing Unit

DC Direct Current

DSL Digital Subscriber Line

M Frequency Modulation

FPGA Field Programmable Gate Array

GPS Global Positioning System

IC Integrated Circuit

IEEE Institute of Electrical and Electronics Engineers
IR Infrared

JPG Joint Photographic Experts Group
LAN Local Area Network

MBOA Multiband OFDM Alliance

MP3 MPEG-1 Audio Layer 3

MPG Moving Picture Experts Group
OFDM Orthogonal Frequency Division Multiplexing
PC Personal Computer

PDA Portable Digital Assistant

RAM Random Access Memory

RF Radio Frequency

ROM Read Only Memory

SIM Subscriber Identity Module

SWR Standing Wave Ratio

v Television

USB Universal Serial Bus

UWB Ultra Wideband

WiFi Wireless Fidelity

WiIMAX Worldwide Interoperability for Microwave Access
WiMedia Radio platform for UWB

WLAN Wireless Local Area Network

WMA Windows Media Audio

WMV Windows Media Video

WPAN Wireless Personal Area Network

Detailed Description of the Invention

The present invention is a novel digitally controlled
antenna tuning circuit that overcomes the disadvantages and
drawbacks of prior art tuning circuits. The antenna tuning
circuit of the present invention enables the implementation of
low cost, wideband tuning circuits for antennas in receive
applications.

Since the circuits of the present invention assume small
signal receive power levels, they are not applicable to trans-
mitter applications which typically feed high powered signals
to the antenna. The tuning circuits of the invention are appli-
cable to receive mode operation of transceivers or to receivers
constructed only to receive an RF signal and not transmit.

One application of the tuning circuits of the invention is in
mobile and handheld devices such as PDAs, cell phones, etc.
Although not suitable for transmission of the cellular signal,
the tuning circuits of the present invention can be used in FM
receiver circuits, television signal receiver circuits, GPS
receiver circuits or any other receive mode application (i.e.
transceiver or receive only) where the power generated on the
antenna and passing through the receive signal path can be
considered ‘small signal.’

Although the packet detection mechanism of the present
invention can be incorporated in numerous types of wireless
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8

or wired communication devices such a multimedia player,
cellular phone, PDA, DSL. modem, WPAN device, etc., it is
described in the context of a cellular phone or mobile com-
munication device. It is not intended, however, that the inven-
tion will be limited to the example applications and embodi-
ments presented. It is appreciated that one skilled in the art
can apply the principles of the present invention to many other
types of communication systems well-known in the art with-
out departing from the spirit and scope of the invention. In
addition, the principles of the invention can be applied to
other wireless or wired standards and is applicable wherever
there is a need to provide impedance matching between an
antenna and receiver circuit.

Note that throughout this document, the term communica-
tions device is defined as any apparatus or mechanism
adapted to transmit, receive or transmit and receive data
through a medium. The term communications transceiver or
communications device is defined as any apparatus or mecha-
nism adapted to transmit and receive data through a medium.
The communications device or communications transceiver
may be adapted to communicate over any suitable medium,
including wireless or wired media. Examples of wireless
media include RF, infrared, optical, microwave, UWB, Blue-
tooth, WiMAX, WiMedia, WiFi, or any other broadband
medium, etc. Examples of wired media include twisted pair,
coaxial, optical fiber, any wired interface (e.g., USB,
Firewire, Ethernet, etc.). The term Ethernet network is
defined as a network compatible with any of the IEEE 802.3
Ethernet standards, including but not limited to 10Base-T,
100Base-T or 1000Base-T over shielded or unshielded
twisted pair wiring. The terms communications channel, link
and cable are used interchangeably.

The term multimedia player or device is defined as any
apparatus having a display screen and user input means that is
capable of playing audio (e.g., MP3, WMA, etc.), video (AVI,
MPG, WMV, etc.) and/or pictures (JPG, BMP, etc.). The user
input means is typically formed of one or more manually
operated switches, buttons, wheels or other user input means.
Examples of multimedia devices include pocket sized per-
sonal digital assistants (PDAs), personal media player/re-
corders, cellular telephones, handheld devices, and the like.

Antenna Tuning Circuit

An assumption of the invention is that the RF circuit to
which the antenna tuning circuit of the invention is connected
1o, is used in receive mode only. Considering a receive mode
only operation, it can be assumed that relatively low RF
power is generated on the antenna due to the properties of RF
wave propagation decay.

Thus, based on this assumption, when in receive mode, the
power generated at the antenna and passing through the
receive circuit path can be considered ‘small signal.” By small
signal, it is meant that the receive signal does not significantly
influence the DC bias point set on the receive signal path.

As an example, assume the power received at the antenna is
-30 dBm=0.001 mW=1 pW. Assuming the typical imped-
ance along the receive signal path is 50 Ohm, a 1 pW receive
signal generates a voltage swing of approximately 20 mV 5 ,»
(7 mVg, o). If the DC voltage across a diode in the circuit is
approximately 1 V, a 20 mV signal would not significantly
change the bias set point of the diode.

Thus, based on this assumption and in accordance with the
present invention, there is provided an antenna tuning circuit
for receive only antennas. A key feature of the antenna tuning
circuit is that it utilizes a single PIN diode to switch a tuning
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element into and out of the receive signal path. Several
example antenna tuning circuits are presented infra with each
utilizing this topology.

First Embodiment Antenna Tuning Circuit

A schematic diagram illustrating a first example embodi-
ment of the antenna tuning circuit of the present invention
having series connected tuning elements is shown in FIG. 5.
The circuit, generally referenced 90, comprises a tuning cir-
cuit 91 coupled to antenna 92 and a tuning control circuit 93.
The tuning circuit comprises two series connected tuning
stages comprising tuning elements made up of inductors L0
(94), L1 (96), DC blocking capacitors C 98, 104, 120, RF
chokes L. 106, 108, 110, resistors R 112, 114 and switching
devices comprising PIN diodes D0 (100), D1 (102).

In accordance with the invention, it is assumed that the
signals flowing through the main receive signal path are suf-
ficiently weak enough to allow the use of a single PIN diode
to short circuit a single tuning stage. In the example circuit 90,
the main receive signal path comprises two tuning elements
connected in series (L0 and LL1).

Two switching elements comprising PIN diodes D0 and D1
are connected in parallel to inductors L0 and L1, respectively.
Each of the PIN diodes has two switching states (i.e. operat-
ing modes), namely either forward biased or not forward
biased. By switching the diodes between their two operating
modes, inductors [.0 and L1 are individually short circuited.
The digital control lines Control0 118 and Controll 116 pro-
vide four possible combinations of tuning circuits.

For example, when the digital control signal Control0 is
high, the diode D0 is in forward bias. A PIN diode in forward
bias can be considered a resistor with very low resistance
value for RF signals. Given this diode is parallel to the induc-
tor L0, LO can be effectively replaced by a short circuit.
Therefore, when the Control0 signal voltage applied to diode
DO is high, [0 is electrically short circuited. Note that the
impedance of the DC blocking capacitor C 98, 104 is negli-
gible atthe operating RF frequencies of the circuit. The tuning
control circuit 93 provides the appropriate DC bias voltages
on the control signals Control0 and Controll to yield the
desired impedance Z,,; of the antenna tuning circuit 91.

It is important to note that the capacitors labeled ‘C’ (98,
104) are used as AC coupling devices to avoid connecting the
PIN diode directly parallel to the inductor. Typical values of
capacitance C should be chosen high enough such that the
capacitors can be considered very low impedances at the
operating radio frequency of the system.

Similarly, the inductors labeled ‘I are used as DC cou-
plings (AC blocking) to prevent RF leakage from the main
receive signal path to the digital control signals. Typical val-
ues of inductance L should be chosen high enough such that
the inductors can be considered very high impedances at the
operating radio frequency of the system.

Further, the resistors labeled ‘R’ are used as current limiters
to setthe DC bias voltage ofthe PIN diodes at a suitable value.
The value of resistance R should be selected in accordance
with (1) the desired operating point and (2) the voltage pro-
vided by the digital control signal.

Andillustrative example provided as a guideline in selecting
the values of the AC coupling capacitors C, AC blocking
inductors L. and current limiting resistors R is provided infra.

Second Embodiment Antenna Tuning Circuit

A schematic diagram illustrating a second example
embodiment of the antenna tuning circuit of the present
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invention having series connected tuning elements is shown
in FIG. 6. The circuit, generally referenced 220, comprises a
tuning circuit 221 coupled to antenna 222 and a tuning control
circuit 223. The tuning circuit comprises four series con-
nected tuning stages comprising tuning elements made up of
inductors 1.0 (224), L1 (226), L2 (228), L3 (230), DC block-
ing capacitors C 232, 242, 246, 252, 256, 266, RF chokes L
236, 240, 260, 258, 268, resistors R 238, 250, 262, 270 and
switching devices comprising PIN diodes D0 (234), D1
(244), D2 (254), D3 (264).

In this example circuit 221, four tuning stages comprising
tuning elements 1.0, L1, [.2 and [.3 are connected in series to
form the main receive signal path. Corresponding PIN diodes
D0, D1, D2 and D3, connected in parallel to the tuning ele-
ments, act as switches to switch each respective tuning ele-
ment either into or out of the main receive signal path in
accordance with a respective control signal provided by the
tuning control circuit 223. As described supra, a high voltage
on a control signal is operative to forward bias the diode thus
short circuiting its corresponding tuning element thereby
effectively removing it from the signal path. Thus, in this
example, the four control signals (Control0 278, Controll
276, Control2 274, Control3 272) provide for 16 possible Z,,
impedance values for the antenna tuning circuit 221. It is
noted that the relatively low power receive signal at the
antenna permits use of only a single PIN diode to perform the
switching function for a tuning element.

Third Embodiment Antenna Tuning Circuit

A schematic diagram illustrating a third example embodi-
ment of the antenna tuning circuit of the present invention
having series connected tuning elements is shown in FIG. 7.
The circuit, generally referenced 130, comprises a tuning
circuit 131 coupled to antenna 132 and a tuning control circuit
133. The tuning circuit comprises two series connected tun-
ing stages comprising tuning elements made up of capacitors
C0 (134), C1 (136), DC blocking capacitor C 138, RF chokes
L. 144, 148, 150, resistors R 146, 152 and switching devices
comprising PIN diodes D0 (140), D1 (142).

In this example circuit 131, two tuning stages comprising
tuning elements capacitors C0 and C1 are connected in series
to form the main receive signal path rather than inductors as
in the example circuits 91 (FIG. 5) and 221 (FIG. 6). Corre-
sponding PIN diodes D0 and D1 connected in parallel to the
tuning elements act as switches to switch each respective
tuning element either into or out of the main receive signal
path in accordance with a respective control signal provided
by the tuning control circuit 133. As described supra, a high
voltage on a control signal is operative to forward bias the
diode thus short circuiting its corresponding tuning element
thereby effectively removing it from the signal path. Thus, in
this example, the two control signals (Control0 154, Controll
156) provide for four possible Z;,, impedance values for the
antenna tuning circuit 131.

Fourth Embodiment Antenna Tuning Circuit

A schematic diagram illustrating a fourth example embodi-
ment of the antenna tuning circuit of the present invention
having parallel connected tuning elements is shown in FIG. 8.
The circuit, generally referenced 280, comprises a tuning
circuit 281 coupled to antenna 282 and a tuning control circuit
283. The tuning circuit comprises two parallel connected
tuning stages comprising tuning elements made up of capaci-
tor C0 (286), inductor L1 (284), DC blocking capacitor C
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302, RF chokes L 292, 296, 300, resistors R 294, 298 and
switching devices comprising PIN diodes D0 (288), D1
(290).

In this example circuit 281, two tuning stages are con-
nected in parallel to form the main receive signal path rather
than in series as in the example circuits described supra. The
two tuning stages comprise tuning elements capacitor C0 and
inductor L1. Corresponding PIN diodes D0 and D1 connected
in series to the tuning elements act as switches to switch each
respective tuning element either into or out of the main
receive signal path in accordance with a respective control
signal provided by the tuning control circuit 283. Thus, in this
example, the two control signals (Control0 306, Controll
304) provide for four possible Z,,, impedance values for the
antenna tuning circuit 281.

In the series control configuration, a high voltage on a
control signal is operative to forward bias the diode thereby
electrically inserting the corresponding tuning element into
the main receive signal path. A low voltage on a control signal
leaves its corresponding PIN diode in a non-forward biased
operating state thereby eftectively removing the correspond-
ing tuning element from the main receive signal path.

Note that placing PIN diodes D0 and D1 in series with their
respective tuning elements provides the capability to connect
capacitor C0 and inductor L1 to the main signal path sepa-
rately. For example, when the digital control signal Control0
is in a high voltage state, the corresponding diode DO is
forward biased. A forward biased PIN diode can be consid-
ered a resistor having very low resistance for RF signals.
Since this diode is connected in series to the capacitor CO0,
capacitor C0 can be effectively considered connected to the
main receive signal path. Similarly, when Controll signal on
diode D1 is high, inductor L1 is also electrically inserted into
the main receive signal path.

Fifth Embodiment Antenna Tuning Circuit

A schematic diagram illustrating a fifth example embodi-
ment of the antenna tuning circuit of the present invention
having a combination of series connected and parallel con-
nected tuning elements is shown in FIG. 9. The circuit, gen-
erally referenced 160, comprises a tuning circuit 161 coupled
to antenna 162 and a tuning control circuit 163. The tuning
circuit comprises four tuning stages arranged in a series-
parallel combination which includes two series connected
tuning stages comprising tuning elements made up of induc-
tor L0 (164), capacitor C0 (166) and two parallel connected
tuning stages comprising tuning elements made up of induc-
tor L2 (172), capacitor C3 (170), DC blocking capacitors C
180, 168, 178, RF chokes L. 182, 188, 192, 196, 200, 204,
resistors R 184, 194, 198, 202 and switching devices com-
prising PIN diodes D0 (186), D1 (190), D2 (176), D3 (174).

In this example circuit 161, four tuning stages are con-
nected in a series-parallel combination to form the main
receive signal path. Two tuning stages comprising tuning
elements inductor L0 and capacitor C1 are connected in a
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series configuration. Corresponding PIN diodes D0 and D1
connected in series to the tuning elements 1.0, C1 act as
switches to switch each respective tuning element either into
or out of the main receive signal path in accordance with a
respective control signal Control0 212, Controll 210 pro-
vided by the tuning control circuit 163.

The two switching elements comprising PIN diodes D0
and D1 are connected in parallel to tuning elements L0 and
C1, respectively. Each of the PIN diodes has two switching
states (i.e. operating modes), namely either forward biased or
not forward biased. By switching the diodes between their
two operating modes, inductor [0 and capacitor C1 are indi-
vidually short circuited.

For example, when the digital control signal Control0 is
high, the diode D0 is in forward bias. A PIN diode in forward
bias can be considered a resistor with very low resistance
value for RF signals. Given this diode is parallel to the induc-
tor L0, LO can be effectively replaced by a short circuit.
Therefore, when the Control0 signal voltage applied to diode
D0 is high, 1.0 is electrically short circuited. Similarly, when
the Control1 signal voltage applied to diode D1 is high, C1 is
electrically short circuited.

The circuit also comprises two tuning stages made up of
tuning elements inductor [.2 and capacitor C3 connected in a
parallel configuration and coupled to the series combination
via capacitor C 168. Corresponding PIN diodes D2 and D3
connected in series with the tuning elements [.2, C3 act as
switches to switch each respective tuning element either into
or out of the main receive signal path in accordance with a
respective control signal Control2 208, Control3 206 pro-
vided by the tuning control circuit 163. In this example, the
four control signals (Control0, Controll, Control2, Control3)
provide for 16 possible Z,,,impedance values for the antenna
tuning circuit 161.

In the parallel combination of [.2, C3, a high voltage on a
control signal is operative to forward bias the diode thereby
electrically inserting the corresponding tuning element into
the main receive signal path. A low on a control signal leaves
its corresponding PIN diode in a non-forward biased operat-
ing state thereby effectively removing the corresponding tun-
ing element from the main receive signal path.

Note that placing the PIN diodes D2, D3 in series with their
respective tuning elements [.2, C3 provides the capability to
connect [.2, C3 to the main signal path separately. For
example, when the digital control signal Control2 is in a high
voltage state, the corresponding diode D2 is forward biased.
A forward biased PIN diode can be considered a resistor
having very low resistance for RF signals. Since this diode is
connected in series to L2, .2 can be effectively considered
connected to the main receive signal path. Similarly, when
Control3 signal on diode D3 is high, capacitor C3 is also
electrically inserted into the main receive signal path.

A truth table listing all possible 16 combinations of the
control signals for the antenna tuning circuit in the example
circuit 161 of FIG. 9 is presented below in Table 1.

TABLE 1

Antenna Tuning Circuit Truth Table

Active Active Total Tuning
Control0  Controll  Control2  Control3 Inductors Capacitors Impedance
0 0 0 0 Lo Cl1 w (open)
0 0 0 1 Lo C1,C3 Zio+Zeoy+ 2o
0 0 1 0 L0,L2 C1 Zio+Zeoy+ 215
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TABLE 1-continued

14

Antenna Tuning Circuit Truth Table

Active Active Total Tuning

Control0  Controll  Control2  Control3 Inductors Capacitors Impedance

0 0 1 1 Lo, L2 C1,C3 Zio+Zey+ (Ziol1Z3)

0 1 0 0 Lo — w (open)

0 1 0 1 Lo C3 Zio+Zes

0 1 1 0 Lo 12 Zio+Zis

0 1 1 1 Lo, L2 C3 Zro+ (Zol1Z3)

1 0 0 0 — C1 w (open)

1 0 0 1 — C1,C3 Zei+Zes

1 0 1 0 C1 Zey+ 7o

1 0 1 1 L2 C1,C3 Zey + (Zpol1Zes)

1 1 0 0 — w (open)

1 1 0 1 — C3 Zes

1 1 1 0 L2 — Zis

1 1 1 1 L2 C3 Zo|1Z s

For each value of the four control signals, the inductors and
capacitors that are made active, i.e. electrically inserted into
the main receive signal path, are listed along with the corre-
sponding total antenna tuning impedance.

Illustrative Antenna Tuning Circuit Example

To aid in understanding the principles of the present inven-
tion, an illustrative example is provided in which guidelines
are provided for selecting the values of the AC coupling
capacitors C, the RF chokes L. for blocking AC (DC coupling)
and the current limiting resistors R.

For this example, it is assumed that the operating frequency
of the circuit is 1 GHz. The PIN diode represents a 1 Ohm
resistance when biased with 10 mA of current witha 1 V
dropout. Assume the digital control signals swing from 0V to
3V.

To select the value C of the capacitor, its impedance at the
operating frequency is considered. In this example, the
impedance of the capacitor C should preferably be much less
than 1 Ohm at 1 GHz operating frequency to provide an
effective electrical short at RF frequencies. With these param-
eters and constraints, the expression for the value of the
impedance 7 is given by

“

Z,

C:27r—fC<<1 Ohm

Solving for C yields the following

®

c =159 pF

1
> —= —
%f  2ax10°

To select the value L of the inductor, its impedance at the
operating frequency is considered. In this example, the
impedance of the inductor L should preferably be much more
than 1 Ohm at 1 GHz operating frequency to provide an
effective electrical open at RF frequencies. With these param-
eters and constraints, the expression for the value of the
impedance Z, is given by

Z,=2afL>>1 Ohm ©

Solving for L. yields the following

>> = L =159 pH M
f  2axioe P

L

The value of the resistor R should be chosen such that it
generates a voltage drop of approximately 2V to allow for a
1V drop across the PIN diode and that it conducts 10 mA of
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current. The following expression solves for the value of the
resistor R.

k=Y -2 _o000n ®
TT7 o0 s

Mobile Device/Cellular Phone/PDA System

A block diagram illustrating an example communication
device in more detail incorporating the digitally controlled
antenna tuning circuit of the present invention is shown in
FIG. 10. The communication device may comprise any suit-
able wired or wireless device such as a multimedia player,
mobile device, cellular phone, PDA, wireless personal area
network (WPAN) device, Bluetooth device, etc. For illustra-
tion purposes only, the communication device is shown as a
cellular phone or smart phone. Note that this example is not
intended to limit the scope of the invention as the antenna
tuning circuit of the present invention can be implemented in
a wide variety of wireless and wired communication devices.

The cellular phone, generally referenced 320, comprises a
baseband processor or CPU 322 having analog and digital
portions. The basic cellular link is provided by the RF trans-
ceiver 350 and related one or more antennas 346, 348. A
plurality of antennas is used to provide antenna diversity
which yields improved radio performance. The cell phone
also comprises internal RAM and ROM memory 354, Flash
memory 356 and external memory 358.

Several user interface devices include microphone 384,
speaker 382 and associated audio codec 383, a keypad for
entering dialing digits 386, vibrator 324 for alerting a user,
camera and related circuitry 344, a TV tuner 342 coupled to
an associated antenna 338 via the antenna tuning circuit con-
structed in accordance with the present invention, display 334
and associated display controller 336 and GPS receiver 326
coupled to associated antenna 328 via antenna tuning circuit
327.

A USB interface connection 380 provides a serial link to a
user’s PC or other device. An FM receiver 392 coupled to
antenna 378 via antenna tuning circuit 376 provide the user
the ability to listen to FM broadcasts. WL AN radio and inter-
face 372 and antenna 374 provide wireless connectivity when
in a hot spot or within the range of an ad hoc, infrastructure or
mesh based wireless LAN network. A Bluetooth radio and
interface 368 and antenna 370 provide Bluetooth wireless
connectivity when within the range of a Bluetooth wireless
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network. Further, the communication device 320 may also
comprise a WiMAX radio and interface 364 and antenna 366.
The communication device 320 also comprises an Ultra
Wideband (UWB) radio (e.g., MBOA-UWRB based radio) and
interface 360 and antenna 362. SIM card 352 provides the
interface to a user’s SIM card for storing user data such as
address book entries, etc.

Portable power is provided by the battery 332 coupled to
battery management circuitry 330. External power is pro-
vided via USB power 388 or an AC/DC adapter 390 con-
nected to the battery management circuitry which is operative
to manage the charging and discharging of the battery 332.

It is intended that the appended claims cover all such fea-
tures and advantages of the invention that fall within the spirit
and scope of the present invention. As numerous modifica-
tions and changes will readily occur to those skilled in the art,
it is intended that the invention not be limited to the limited
number of embodiments described herein. Accordingly, it
will be appreciated that all suitable variations, modifications
and equivalents may be resorted to, falling within the spirit
and scope of the present invention.

What is claimed is:
1. An antenna tuning circuit for use with small signal
receive signals, comprising:
one or more tuning stages coupled to an antenna for receiv-
ing a radio frequency (RF) signal, said one or more
tuning stages configured in series and/or parallel/series
configuration with a single main signal path extending
from a single antenna to a single output;
wherein each said tuning stage comprises a single PIN
diode operative to insert and remove its respective indi-
vidual tuning stage from said main signal path in accor-
dance with a corresponding respective control signal,
wherein each respective PIN diode is connected in par-
allel across an associated tuning stage for series type
tuning stages and connected in series with an associated
tuning stage for parallel/series type tuning stages;

wherein in each tuning stage, said corresponding control
signal is DC coupled to an anode of a respective tuning
stage PIN diode while a cathode of said respective tun-
ing stage PIN diode is DC coupled directly to ground
without passing through any intermediate tuning stages;
and

wherein the operating bias point of each tuning stage PIN

diode is set by a corresponding current limiting resistor
and control signal, said PIN diode operating bias point
determining the resonant frequency, bandwidth and
input impedance of said antenna tuning circuit, which is
different than the natural resonant frequency and band-
width of said antenna.

2. The circuit according to claim 1, wherein said control
signal comprises DC bias voltages adapted to forward bias
zero or more of said one or more PIN diodes to yield a desired
impedance for said antenna tuning circuit.

3. The circuit according to claim 1, wherein said tuning
stages comprise a series combination of inductors.

4. The circuit according to claim 1, wherein said tuning
stages comprise a parallel/series combination of inductors.

5. The circuit according to claim 1, wherein said tuning
stages comprise a series combination of capacitors.

6. The circuit according to claim 1, wherein said tuning
stages comprise a parallel/series combination of capacitors.

7. The circuit according to claim 1, wherein said tuning
stages comprise one or more series and parallel/series com-
binations of reactive components.
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8. The circuit according to claim 1, wherein a plurality of

said tuning stages is arranged in series configuration and their
corresponding PIN diodes are connected in parallel thereto.

9. The circuit according to claim 1, wherein a plurality of

said tuning stages is arranged in parallel configuration and
their corresponding PIN diodes are connected in series
thereto.

10. The circuit according to claim 1, wherein a tuning stage

in series with said main signal path is removed therefrom by
forward biasing its corresponding PIN diode connected in
parallel therewith.

11. The circuit according to claim 1, wherein a tuning stage

in parallel with said main signal path is inserted thereto by
forward biasing its corresponding PIN diode connected in
series therewith.

12. An antenna tuning circuit for use with small signal

receive signals, comprising:

one or more tuning stages coupled in a series configuration
with a single main signal path extending from a single
antenna to a single output;

wherein each said tuning stage comprises a single PIN
diode coupled in parallel across its respective tuning
stage and operative to electrically insert and remove its
respective individual tuning stage from said main signal
path in accordance with a corresponding respective con-
trol signal;

wherein in each tuning stage, said corresponding control
signal is DC coupled to an anode of a respective tuning
stage PIN diode while a cathode of said respective tun-
ing stage PIN diode is DC coupled directly to ground
without passing through any intermediate tuning stages;
and

wherein the operating bias point of each tuning stage PIN
diode is set by a corresponding current limiting resistor
and control signal, said PIN diode operating bias point
determining the resonant frequency, bandwidth and
input impedance of said antenna tuning circuit, which is
different than the natural resonant frequency and band-
width of said antenna.

13. The circuit according to claim 12, wherein said control

signal comprises DC bias voltages adapted to forward bias
zero or more of said one or more PIN diodes to yield a desired
impedance for said antenna tuning circuit.

14. The circuit according to claim 12, wherein each of said

one or more tuning stages comprises one or more reactive
components.

15. The circuit according to claim 12, wherein a tuning

stage is electrically removed from said main signal path by
forward biasing its corresponding PIN diode which creates an
electrical short across the corresponding tuning stage.

16. The circuit according to claim 12, wherein a tuning

stage is electrically inserted into said main signal path by not
forward biasing its corresponding PIN diode.

17. An antenna tuning circuit for use with small signal

receive signals, comprising:

one or more tuning stages coupled in a parallel/series con-
figuration with a single main signal path extending from
a single antenna to a single output;

wherein each said tuning stage comprises a single PIN
diode coupled in series with its respective tuning stage
and operative to electrically insert and remove its
respective individual tuning stage from said main signal
pathin accordance with a corresponding respective digi-
tal control signal;

wherein in each tuning stage, said corresponding control
signal is DC coupled to an anode of a respective tuning
stage PIN diode while a cathode of said respective tun-
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ing stage PIN diode is DC coupled directly to ground
without passing through any intermediate tuning stages;
and

wherein the operating bias point of each tuning stage PIN

diode is set by a corresponding current limiting resistor
and control signal, said PIN diode operating bias point
determining the resonant frequency, bandwidth and
input impedance of said antenna tuning circuit, which is
different than the natural resonant frequency and band-
width of said antenna.

18. The circuit according to claim 17, wherein said control
signal comprises DC bias voltages adapted to forward bias
zero or more of said one or more PIN diodes to yield a desired
impedance for said antenna tuning circuit.

19. The circuit according to claim 17, wherein each of said
one or more tuning stages comprises one or more reactive
components.

20. The circuit according to claim 17, wherein a tuning
stage is electrically inserted into said main signal path by
forward biasing its corresponding PIN diode which creates an
electrical short in line with the corresponding tuning stage.

21. The circuit according to claim 17, wherein a tuning
stage is electrically removed from said main signal path by
not forward biasing its corresponding PIN diode.

22. An antenna tuning circuit for use with small signal
receive signals, comprising:

a plurality of tuning elements arranged in one or more

series and/or parallel/series combinations;
switching means coupled to said plurality of tuning ele-
ments and operative to connect or disconnect one or
more of said tuning elements to a single main signal path
thus creating an impedance network for a single antenna
coupled thereto, said signal path having a single output;

said switching means comprising a plurality of PIN diodes,
wherein each tuning stage comprises a single PIN diode
operative to electrically switch its respective tuning ele-
ment into or out of said main signal path in accordance
with a corresponding respective digital control signal,
wherein each respective PIN diode is connected in par-
allel across an associated tuning stage for series type
tuning stages and connected in series with an associated
tuning stage for parallel/series type tuning stages;

wherein in each tuning stage, said corresponding control
signal is DC coupled to an anode of a respective tuning
stage PIN diode while a cathode of said respective tun-
ing stage PIN diode is DC coupled directly to ground
without passing through any intermediate tuning stages;
and

wherein the operating bias point of each tuning stage PIN

diode is set by a corresponding current limiting resistor
and control signal, said PIN diode operating bias point
determining the resonant frequency, bandwidth and
input impedance of said antenna tuning circuit, which is
different than the natural resonant frequency and band-
width of said antenna.
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23. The circuit according to claim 22, wherein one of said
control signals comprises a DC bias voltage adapted to for-
ward bias a respective PIN diode thereby switching a series
configured tuning element out of said main circuit path.

24. The circuit according to claim 22, wherein one of said
control signals comprises a DC bias voltage adapted to for-
ward bias a respective PIN diode thereby switching a parallel/
series configured tuning element into said main circuit path.

25. The circuit according to claim 22, wherein said tuning
elements comprise one or more reactive components.

26. The circuit according to claim 22, wherein a tuning
stage is electrically removed from said main signal path by
forward biasing its corresponding PIN diode which creates an
electrical short across the corresponding tuning stage and
wherein a tuning stage is electrically inserted into said main
signal path by not forward biasing its corresponding PIN
diode.

27. A mobile communications device, comprising:

a cellular transceiver operative to receive and transmit cel-

lular transmissions to and from a base station;

a second radio operative to only receive a signal from a

single antenna coupled thereto;

an antenna tuning circuit for use with small signal receive

signals coupled to said antenna and said second radio,

said antenna tuning circuit comprising:

one or more tuning stages coupled to said antenna for
receiving a radio frequency (RF) signal, said one or
more tuning stages configured in series and/or paral-
lel/series configuration with a single main signal path
extending from said antenna to said second radio;

wherein each said tuning stage comprises a single PIN
diode operative to insert and remove its respective
individual tuning stage from said main signal path in
accordance with a corresponding respective digital
control signal, wherein each respective PIN diode is
connected in parallel across an associated tuning
stage for series type tuning stages and connected in
series with an associated tuning stage for parallel/
series type tuning stages;

wherein in each tuning stage, said corresponding control
signal is DC coupled to an anode of a respective
tuning stage PIN diode while a cathode of said respec-
tive tuning stage PIN diode is DC coupled directly to
ground without passing through any intermediate tun-
ing stages;

wherein the operating bias point of each tuning stage
PIN diode is set by a corresponding current limiting
resistor and control signal, said PIN diode operating
bias point determining the resonant frequency, band-
width and input impedance of said antenna tuning
circuit, which is different than the natural resonant
frequency and bandwidth of said antenna; and

aprocessor operative to receive data from said second radio
and to send and receive data to and from said cellular
transceiver.
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