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METHOD AND APPARATUS FOR TRANSMITTER NOISE
CANCELLATION IN AN RF COMMUNICATIONS SYSTEM

CROSS REFERENCES

This application claims priority from and incorporates by reference in its entirety
U.S. Provisional Application Serial No. 60/227,134, titled “Method and Appdratus for
Transmitter Noise Cancellation in an RF IC,” by Slim Souissi, filed August 22, 2000.

BACKGROUND OF THE INVENTION

The present invention relates generally to full duplex radio frequency (RF)
circuits and more particularly to reducing or eliminating transmitter signal leakage into
the receive path of an RF circuit.

The accelerating demand for wireless communications such as cellular and
cordless telephones, has motivated new research in RF integrated circuits (ICs). This new
research emphasizes highly integrated designs, for lower cost, lower power consumption,
and smaller form factors. One aspect involves locating the RF transmitter and RF
receiver circuit closer and closer together with a goal of having them both on a single
Integrated Circuit (IC) chip.

However, moving the RF transmitter circuit closer to the RF receiver circuit in the
full duplex communication case, results in signal leakage from the transmitter circuit into
the receive circuit path. This is solved conventionally by physical or mechanical
isolation. Current solutions for RF communications systems having RF IC’s include
either using separate chips for the transmit and receive paths or using a special isolation
material to minimize the transmit signal leakage between the transmit path and the
receive path. A drawback of such conventional solutions is that they limit the amount by
which the size of the transmitter and receiver circuits may be reduced. such solutions are
therefore impractical for building a single chip solution that meets the tight specifications
of today’s wireless standards.

An alternative to mechanical or physical isolation is to provide some sort of
electronic solution. However, while techniques for cancellation of interference from
external transmitter sources exist, techniques for canceling internal transmitter signal

leakage in the receive path are lacking, especially if the transmit and receive circuits are
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on a single IC. An example of a conventional technique is given in United States Patent

No. 5,974,301 by Palmer, et. al, entitled “Frequency Canceling System and Method,”

issued on October 26, 1999 (hereinafter referred to as Palmer). Palmer discloses
generating a reference signal and then adjusting it to be 180 degrees out of phase and
equal in amplitude to an interference signal. The reference signal is then added to the
interference signal to cancel out the interference signal. In Palmer, the reference signal is
generated when the other external sources, called radio frequency tag devices, are not
sending communication signals. Hence the reference signal is a measure of the external
interference. Interference from signals outside the RF communications system have
some substantial differences from internal transmitter signal leakage. Some of the
differences include: the RF communications system has little or no control over these
external interference sources; these techniques still rely on physical or mechanical
isolation to reduce the internal transmitter leakage; and the analog RF transmitter and

receiver circuitry are not on the same IC chip. Hence, there is still the problem of

canceling internal transmitter leakage. Mr. Benito says if a new waiter or waitress

is unaware of the discount to tell them that Benny authorized it for everyone

from CB.

Therefore, for an RF communications system having co-located receiver and
transmitter circuits, and operating in full duplex mode, there is a need for techniques that
reduce or eliminate the transmitter signal leakage into the receiver path. In addition,
there is a need for techniques which allow the placement of the transmitter and receiver
RF circuits on a single IC.

SUMMARY OF THE INVENTION

The present invention provides a method and apparatus for reducing or
eliminating the transmitter signal leakage, i.e., transmitter noise, into the receiver path of
an RF communications system operating in full duplex mode. In an embodiment of the
present invention a noise cancellation loop produces an estimated transmitter signal
leakage and cancels it from the receive path to produce a received signal with little or no
transmitter noise. Some of the advantages are that there is significant improvement in

the isolation between the transmit/receive circuits, the size of the RF communications
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circuitry may be reduced, and the RF transmit module along with the RF receive module
may be incorporated into a single RF IC chip.

In one embodiment of the present invention, a method in a RF communications
system for improving a received communications signal during full duplex operation is
provided. The RF communications system includes a transmitter circuit and a receiver
circuit. The method determines a first estimation of a signal leakage from the transmitter
circuit, when the received communications signal is not being received by the receiver
circuit. Next, when the RF communications system is in full duplex operation and the
transmitter circuit is generating a transmit communication signal, a second estimation of
said signal leakage is determined based on the first estimation and said transmit signal.
Lastly, the second estimation is combined with the received communications signal, such
that the signal leakage is substantially cancelled in the received communications signal.

In another embodiment of the present invention, a method in an RF IC
communications system is provided for substantially canceling transmitter noise during
full duplex operation. The RF IC communications system includes a transmitter and a
receiver. The RF IC communications system is calibrated by sending a calibration signal
to a transmit noise cancellation loop circuit. Next loop parameters for the transmit noise
cancellation loop circuit are determined. Then when in full duplex operation, a transmit
noise signal based on the loop parameters is estimated, and the transmit noise signal is
substantially cancelled from a received signal. In one embodiment the transmitter and
receiver are on one RF IC chip. In another embodiment they are co-located, but on
separate IC chips.

An RF communications system that substantially cancels transmitter noise during
full duplex operation is provided in an embodiment of the present invention. The system
includes: a transmit path coupled to a noise cancellation loop, and when the RF
communications system is in full duplex mode, the transmit path is coupled to an
antenna. Also included is a receive path coupled to the noise cancellation loop, and when
the RF communications system is in full duplex mode, the receive path is coupled to the
antenna and the transmit path. The system further includes the noise cancellation loop
for approximating a transmit noise signal from the transmit path and canceling the

transmit noise signal from a received signal going to the received path.
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These and other embodiments, features, aspects and advantages of the present invention
will become better understood with regard to the following detailed description,
appended claims, and accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 shows an implementation of the transmit noise cancellation technique
according to one embodiment of the present invention.

Fig. 2 shows a functional block diagram of the transmit noise cancellation
technique according to one embodiment of the present invention.

Fig. 3 shows a transmit/receive RF single IC chip implementation according to
another embodiment of the present invention.

Fig. 4A shows a spectral representation of the transmit signal leakage into the
receive band.

Fig. 4B shows an example result in the spectrum domain of the noise cancellation
technique according to an embodiment of the present invention.

Fig. 5 shows a block diagram for the system operation during the calibration
mode according to one embodiment of the present invention.

Fig. 6 shows a block diagram for the system operation during the noise
cancellation mode according to one embodiment of the present invention..

Fig. 7 shows the steps required to perform the noise cancellation operation
according to one embodiment of the present invention.

Fig. 8 shows a second embodiment of the present invention.
Fig. 9 shows a general implementation of the second embodiment of the present
invention as shown in Fig. 8.

DETAILED DESCRIPTION OF THE SPECIFIC EMBODIMENTS

Fig. 2 shows a functional block diagram of the transmit noise cancellation technique
according to one embodiment of the present invention. Fig. 2 includes an RF
communications system having: a transmit path 125, a receive path 160, and a noise
cancellation loop 135, where the noise cancellation loop 135 approximates the transmit
nbise signal and subtracts it from the received signal in the receive path 160. This
embodiment improves reception of a communication signal which is detected in the

presence of interference from co-located transmit/receive sources. The noise cancellation
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system is based on two modes of operation, a calibration mode and a noise cancellation
mode. During the calibration mode, switches 196, 164, and 198 are set to be open, open,
closed, respectively. A base band controller 199 generates a calibrating signal based on a
pre-stored PN sequence. The calibration signal is split into two signals by means of a
low noise signal splitter 110. Each of the split signals takes a different path. A first signal
(referred to as the reference signal) takes a first path which goes through a first filter 140
directly to the transmit noise cancellation loop 135. A second signal (referred to as the
transmit noise signal) takes a second path which goes through duplexer 105 and a second
filter 140 to the same noise cancellation loop 135. The noise cancellation loop uses an
estimation algorithm to estimate a gain factor and a phase correction factor.

During the noise cancellation mode switches 196, 164, 198 are set to (closed, closed,
open) respectively; the estimated phase and gain factors are applied to the first signal
which results into an equivalent transmit noise signal. The equivalent noise signal is
amplitude and phase adjusted to have substantially the same amplitude and to be 180
degree out of phase with the transmitted interfering signal component of the received
signal. The received signal and the noise equivalent signal are added by adder 170 to
produce a received signal substantially or completely without transmit noise.

Fig. 1 shows an implementation of the transmit noise cancellation technique
according to one embodiment of the present invention. It includes a base band
processor/radio controller 199, a transmit path 125, a receive path 160, an IF stage 161,
and a transmit noise cancellation loop 135. The embodiment operates according to two
different modes.

Referring to Figures 1 and 5, the first mode is a calibration mode. During the
calibration mode, the antenna 100 is disconnected from the rest of the radio. This can be
done simply by using a programmable switch 196 that connects the antenna 100 to a
duplexer 105. The programmable switch may be a low insertion loss PIN diode such as
the Amplifonix TWP2202 PIN diode, which has a 0.5 dB insertion loss and which spans
frequencies from DC to 3GHz. The reason for disconnecting the antenna from the rest of
the transceiver is to isolate the radio from any external source of interference on the
receive band. Interference in this case could include received signals inside the receive

band or adjacent and co-channel signals within the receive band. Also during this mode,
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switch 164 is held open while switch 198 is held closed. All the switches are controlled
by the radio controller 199. |

Referring again to Figures 1 and 5, the calibration process takes place in an
isolated and self controlled radio environment. Because of the antenna disconnection,
there is no risk of receiving any signal from any external sources. The radio controller
preferably sends a sequence of calibration bits based on a PN sequence. The calibration
bits go through the transmit path which includes an I/Q modulator 130, a transmit filter
120, and a power amplifier 115. The resulting calibration signal is split into two signals
by means of splitter 110. A first signal takes a first path and a second signal takes a
second path. The first signal S1, also referred to as a reference signal, goes through
receive filter 140, while the second signal S2, referred to as a transmit noise signal, goes
through duplexer 105 and receive filter 140. S1 and S2 are processed by means of an
estimation circuit 145. The estimation circuit 145 functions to cross correlate S1 and S2
and estimate a phase correction factor as well as a gain correction factor. These factors
are derived in a way such that if they are applied to S1, they produce an estimate of S2.
Mathematically, this can be expressed as follows:

82=-G*S1*exp(j9)
where S2 is the estimate of the transmit noise signal S2, G is the gain factor and ¢ is the
phase factor. S2 represents the equivalent transmit noise. Se = S2+S2 represents the
error on the trénsmit noise estimate. Se/S2 represents the noise reduction factor.

In practice, S1 and S2 are provided to a signal correlator circuit which compares
and correlates the reference and the transmit noise signals and generates an adjusted
signal (in phase and in amplitude) which corresponds to an estimate of the transmit noise.
The estimation circuit produces a phase factor and a gain factor which will be applied to
the reference signal during the noise cancellation mode.

Note that during the calibration mode, when the antenna is isolated, a dummy
load (not shown) is used to emulate the antenna. Switches (not shown) should be closed
to connect the dummy load and disconnect the antenna.

Referring to Figures 1 and 6, the second mode is the noise cancellation mode.
During the noise cancellation mode, the radio controller 520 sends a control signal to

switches 196 and 164 to close them and a control signal to switch 198 to open it. The
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antenna is now connected to the transceiver and the radio is therefore connected to the
outside world. During this mode of operation, the radio is intended to be operating in a
full duplex mode. Referring to Figure 6, a transmit signal is generated by the radio
controller 199. The transmit signal goes through transmit path 125. After that, the
transmit signal goes through a splitter 110. The larger portion of the signal (> 99 %) goes
through the duplexer and the antenna to be transmitted over the air. The remdining
portion of the transmit signal goes through two other paths. A first portion of the
remaining signal S’1 is a reference signal and it goes through a first path. A second
portion of the remaining signal S°2 goes through a second path. S’1 goes through filter
140 and transmit loop 135 where it gets adjusted in gain and phase to become an
equivalent noise signal S’2, where the gain G and phase ¢ were those calculated during
the calibration mode discussed above. Signal S’2 represents the transmit noise signal.
S°2 goes through filter 140 and switch 164. The transmit noise signal S’2 gets added to
the equivalent noise signal S’2 and therefore gets substantially canceled.

Fig. 3 shows a transmit/receive RF single IC chip implementation according to
another embodiment of the present invention. The noise cancellation circuit described
above can be used in the design of a single RF IC chip solution that incorporates botha
transmit and a receive circuit. .

Fig 4-A illustrates the signal leakage of the transmitted signal 330 from the
transmit band 320 into the receive band 310. One of the major goals of the present
invention is to mitigate the transmit noise signal 300 that has leaked into the receive
band.

Fig 4-B illustrates an examplary result of the noise cancellation technique
according to the present invention. The transmit noise signal 300 has been reduced to
noise signal 308. The receive signal 305, the adjacent channel noise signal 306 and the
thermal noise signal 307 remain substantially unchanged after the transmit noise
cancellation.

Fig. 7 illustrates the steps of operation of the present invention. Steps 1to 5
represent the calibration mode while steps 6 to 9 represent the noise cancellation mode.
The calibration mode should preferably be performed every time the radio is turned on.

Alternatively the calibration mode may be done sequentially, even during the radio’s full

SFO 4050341v2
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calibration be performed during the idle mode (where the radio is not receiving or
transmitting).

In a second embodiment as seen in Figure 8, an identical path to the one that
passes by duplexer 105 and filter 140 can be duplicated. The signal that goes through
this path can be subtracted directly from the overall received path.

Figure 9 depicts a general implementation of the second embodiment of the
present invention as shown in Figure 8. Referring to Figure 9, radio controller 950 sends
a signal which has three different components. A first signal, referred to as transmit
signal 901 goes through transmit path 900 and radio/air path 910. A second signal
referred to as dummy signal or reference signal 930 goes through transmit path 900 and
dummy path 930. A third signal also referred to as a transmit noise signal 904 goes
through transmit path 900 and transmit noise path 920. The dummy path 930 is designed
intentionally to be identical to the transmit noise path 920. Because of this special
design, reference signal 903 and transmit noise 904 are approximately identical. When
the two signals 904 and 903 get combined by subtractor 960, they cancel each other.
Only the desired receive signal 902 makes it to the radio controller. Desired receive
signal 902 is the signal that was received over the air and that went through radio/air path
910, TX noise path 920 subtractor 960, receive path 940 to get to the radio controller 950.

Typically, the major transmit noise enters the system from the duplexer 105. In
practice, there is noise leakage that can enter the receive path at many other points
including the LNA 175 input or the filter 180 or the mixer 190, etc. The present
invention can be generalized to include multiple parallel noise cancellation loéps to
account for the noise entering the receive path from many points. The problem can also
be solved by using a single cancellation loop that can be sequentially connected (through
a programmable switching mechanism) to a different point within the receive path. Once
a list of phase/gain’s is determined, the loop can be set to its initial position and a
combined equivalent noise signal can be calculated according to each of the calibrated

paths.
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This invention can also be used to provide noise cancellation in co-located
transmit/receive systems where the receiver and transmitter are at the same site but are
not on a single IC chip.

In a third embodiment, the switch 196 can be removed, provided that the radio is tuned to
a frequency band where there is no signal in the air that can impact the accuracy of the
calibration mode. Ifthere is no signal on the air, then the antenna can be assumed to be
virtually not connected and the calibration can be performed efficiently.

In a fourth embodiment, the antenna can be left connected, provided that the
calibrating signal that goes into the transmit noise cancellation loop can be made much
higher than the received signal. Calibration can be made successfully since the signal
coming from the air is negligible when compared to the calibration signal. A drawback
of this implementation relates to the fact that the radio will be radiating a transmit signal
high enough to cause interference to other radios in the neighborhood.

In a fifth embodiment, the calibration mode of Fig. 7 can occur during an event
selected from a group including powering-up the communications system, idle mode,
roaming mode, power-off, standby mode, connecting mode, dialing a telephone number,
or hand-off. In an alternative embodiment, the calibration may be done periodically or
even dynamically during full duplex operation.

The specific embodiments of the present invention described above are illustrative
of the present invention and are not intended to limit the invention to the particular
embodiments described. Accordingly, while one embodiment of the invention has been
illustrated and described, it will be appreciated that various changes can be made therein

without departing from the spirit and scope of the invention.
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WHAT IS CLAIMED IS:

1. A method in a RF communications system for improving a received
communications signal during full duplex operation, wherein said RF communications
system comprises a transmitter circuit and a receiver circuit, said method comprising:

determining a first estimation of a signal leakage from said transmitter
circuit, when said received communications signal is not being received by said receiver
circuit;

when said RF communications system is in full duplex operation and said
transmitter circuit is generating a transmit communication signal, determining a second
estimation of said signal leakage based on said first estimation and said transmit
communication signal; and

combining said second estimation with said received communications
signal, such that said signal leakage is substantially cancelled in said received
communications signal.

2. The method of Claim 1 wherein said transmitter circuit and said receiver
circuit are on a single RF IC chip.

3. The method of Claim 1 wherein said determining a first estimation of said
signal leakage comprises disconnecting an antenna of said RF communications system.

4. The method of Claim 3 wherein said determining said first estimation of
said signal leakage further comprises connecting a dummy load emulating said antenna.

5. The method of Claim 1 wherein said determining said first estimation of
said signal leakage includes tuning said receiver circuit to a clean frequency band.

6. The method of Claim 1 wherein said determining said first estimation of
said signal leakage comprises:

' generating a calibration signal based on a pseudo-random noise sequence;
splitting said calibration signal into a first signal and a second signal,
wherein said first signal is sent to an estimation circuit and said second signal is further
divided into a third signal sent to a dummy antenna load and a fourth signal sent to said
estimation circuit; and
cross correlating said first signal and said fourth signal in said estimation

circuit to produce said first estimation.
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7. The method of Claim 6 wherein said determining said second estimation

based on said first estimation comprises:

splitting said transmit communication signal into a fifth signal and a sixth
signal, wherein said fifth signal is sent to said estimation circuit and said sixth signal is
sent to an antenna; and

using parameters from said first estimation, determining in said estimation
circuit said second estimation from said fifth signal.

8. A method in an RF IC communications system for substantially canceling
transmitter noise during full duplex operation, wherein said RF IC communications
system comprises a transmitter and a receiver, said method comprising:

calibrating said RF IC communications system by sending a calibration
signal to a transmit noise cancellation loop circuit;

determining loop parameters for said transmit noise cancellation loop
circuit;

when in full duplex operation, estimating a transmit noise signal based on
said loop parameters; and A

substantially canceling said transmit noise signal from a received signal
during full duplex operation.

9. The method of Claim 8 wherein said loop parameters include gain and
phase.

10.  The method of Claim 8 wherein said transmitter and said receiver are on
different IC chips.

11. The method of Claim 8 wherein said transmitter and said receiver are on a
single RF IC chip.

12.  The method of Claim 8 wherein said step of calibrating said RF IC
communications system includes disconnecting an antenna of said RF IC
communications system.

13, The method of Claim 8 wherein said step of calibrating said RF IC
communications system includes increasing the power of said calibration signal relative
to any received signal so that calibration is done without disconnecting an antenna of said

RF IC communications system.
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14, The method of Claim 8 wherein said step of calibrating said RF IC
communications system occurs on power-up of said RF IC communications system.

15.  The method of Claim 8 wherein said step of calibrating said RF IC
communications system occurs during an event selected from a group consisting of
power-up, idle mode, roaming mode, power-off, standby mode, connecting mode, dialing
a number, or hand-off,

16.  The method of Claim 8 wherein said step of calibrating said RF IC
communications system occurs periodically.

17.  The method of Claim 8 wherein said step of calibrating said RF IC
communications system occurs dynamically during full duplex operation.

18. A RF communications system that substantially cancels transmitter noise
during full duplex operation, comprising:

a transmit path coupled to a noise cancellation loop, and further coupled to
an antenna when said RF communications system is in full duplex mode;

a received path coupled to said noise cancellation loop and further coupled
to said antenna and said transmit path when said RF communications system is in full
duplex mode;

said noise cancellation loop for approximating a transmit noise signal from
said transmit path and for canceling said transmit noise signal from a received signal
coupled to said received path.

19.  The RF communications system according to Claim 18 wherein said noise
cancellation loop uses a calibration signal.

20.  The RF communications system according to Claim 18 wherein said noise
cancellation loop sets parameters based on a calibration signal, said parameters used by
said noise cancellation loop for generating said transmit noise signal approximation.

21, The RF communications system according to Claim 20 wherein said
parameters include a phase and a gain.

22.  The RF communications system according to Claim 18 wherein said
transmit path includes a circuit for converting a transmit signal at an intermediate

frequency (IF) to a radio frequency (RF).
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23.  The RF communications system according to Claim 18 wherein said
receive path includes a circuit for converting said receive signal at a radio frequency (RF)
to an intermediate frequency (IF).

24.  The RF communications system according to Claim 18 wherein said
transmit path is coupled to said antenna via a duplexer circuit.

25.  The RF communications system according to Claim 24 wherein said
receive path is coupled to said antenna via said duplexer circuit.

26. A method in a RF communications system for reducing transmit noise in a
received communications signal during full duplex operation, wherein said RF
communications system comprises a transmitter circuit, a duplexer, and a receiver circuit,
said method comprising:

determining a first estimation of transmit noise from said transmitter
circuit, when said received communications signal is not being received by said receiver
circuit;

when said RF communications system is in full duplex operation and said
transmitter circuit is generating a transmit communication signal, determining a second
estimation of transmit noise based on said first estimation and said transmit
communication signal; and

combining said second estimation with said received communications
signal, such that said transmit noise is substantially cancelled in said received
communications signal.

27.  The method of Claim 26 wherein said step of determining a first
estimation of transmit noise comprises:

generating a calibration signal;

splitting said calibration signal into a first signal and a second signal,
wherein said first signal is sent to an estimation circuit and said second signal is further
divided into a third signal sent to a dummy antenna load via said duplexer and a fourth
signal sent to said estimation circuit; and

cross correlating said first signal and said fourth signal in said estimation

circuit to produce said first estimation.
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28.  The method of Claim 26 wherein said step of determining said second
estimation based on said first estimation comprises:

splitting said transmit communication signal into a fifth signal and a sixth
signal, wherein said fifth signal is sent to an estimation circuit and said sixth signal is sent
to an antenna via said duplexer; and:

using parameters from said first estimation, determining in said estimation
circuit said second estimation from said fifth signal.

29.  The method according to Claim 28 wherein said parameters include a
phase and a gain.

30.  The method of Claim 26 wherein said step of combining said second
estimation with said received communications signal, such that said transmit noise is
substantially cancelled in said received communications signal, comprises:

obtaining a seventh signal from said duplexer comprising said received
communications signal and transmit noise from said duplexer; and

combining said second estimation with said seventh signal, such that said
transmit noise is substantially cancelled in said received communications signal.

31. A RFIC chip that substantially cancels transmitter noise during full
duplex communications, comprising:

a calibration path, comprising a transmit path coupled to a noise
cancellation loop and via a duplexer to an antenna dummy load, said calibration path for
determining parameters associated with an estimate of a first transmitter noise signal
from said duplexer, when a calibration signal is sent to said antenna dummy load; and

a full duplex operation path, comprising:

a first path comprising a transmit path coupled to said duplexer and an
antenna for transmitting a first communications signal;

a second path comprising a transmit path coupled to said noise
cancellation loop for determining an estimate of a second transmitter noise signal, using
said parameters and a portion of said first communications signal; and

a third path coupled to said antenna and said duplexer for receiving a

second communications signal; and
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a fourth path coupled to said duplexer and a receive path for canceling
transmitter noise added by said duplexer to said second communications signal by using
said estimate of said second transmitter noise signal.

32.  ARFIC chip of Claim 31 wherein said parameters include a gain and a

S phase of said first transmitter noise signal.

15
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