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put of the filter (54) is provided to a processing stage (56-59a; 56-59b) of
the receiver. The amplifier (55) comprises an amplitying stage (73) con-
trolled by a radio-frequency input signal and a signal (74) fed back from
the filter (54). The amplifier (55) input impedance is substantially
matched to the antenna (53) impedance at a frequency band of interest.
The signal (73) fed back trom the filter (54) providing attenuation of sig-
nals outside the frequency band of interest at the amplifier (55) input. The
filter (54) comprises one or more filter components (153a). A filter com-
ponent comprises a first input (154a) and a second input (154b) for re-
ceiving the amplifier (55) output, a first switch (152a) arranged to selec-
tively connect the first input (154a) to a first impedance (151a), a second
switch (152b) arranged to selectively connect the first input (154a) to a
second impedance (151b), a third switch (152¢) arranged to selectively
connect the second input (154b) to the first impedance (151a), and a
fourth switch (152d) arranged to selectively connect the second input
(154b) to the second impedance (151b). The first and fourth switches
(152a, 152d) are controlled by a first oscillator signal (155a) and the sec-
ond and third switches (152b, 152¢) are controlled by a second oscillator
(155b) signal that is 180° out of phase with the first oscillator signal
(155a).
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Ampilifier with On-Chip Filter
The present invention relates to integrated circuits for radio receivers.

In a typical wireless radio receiver, an external radio frequency (RF) pre-
selection filter is used at the front of the actual integrated radio receiver circuit
(RXIC) to filter out harmful out-of-band blocking signals and to alleviate the
linearity requirements of the RXIC. With current technologies, pre-selection
filter can not be integrated on silicon, because the required quality (Q) factors
in the filter can not be realized. In most cases, RF filters are realized either
with surface or bulk acoustic wave techniques (SAW/BAW). In present
technologies, since the center frequencies of the SAW/BAW filters are fixed,
several pre-selection filters are needed in radio receivers for multi-standard or

multi-mode applications, increasing the cost and complexity.

One known amplifier design is described in P. Rossi et al, “A Variable Gain
RF Front-End, Based on Voltage-Voltage Feedback LNA, for Multistandard
Applications”, IEEE J. Solid-State Circuits”, vol. 40, pp. 690-697, March 2005.
One known filter design is described in EP 1867042,

In multi-mode radio receivers, multiple RF pre-selection filters, switches, and
baluns increase significantly the cost of the radio receiver. In addition, this
decreases the integration level of the receiver, and increase the bills-of-
material (BOM) and complexity of the printed circuit board (PCB). The cost of
the actual RXIC is also increased due to the fact that several RF input pins,
which are also usually balanced, are needed. Since the RF pre-selection filter
(and the possible switches) has finite loss at its passband, it lowers the
tolerable noise figure (NF) of the RXIC.

Harmful out-of-band blocking signals can drive the radio receiver to
compression. In other words, due to the nonlinearity in the radio receiver, a
large blocking signal can desensitize the receiver or reduce the gain of the
small desired signal. In addition, blocking signals can increase the receiver
NF.
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In accordance with one aspect of the invention, there is provided an integrated
circuit for a radio receiver, the circuit comprising: a radio-frequency amplifier
and a radio-frequency filter; the amplifier arranged to receive radio-frequency
signals from an antenna, the filter being connected to the amplifier output, and
the output of the filter being provided to a processing stage of the receiver; the
amplifier comprising an amplifying stage controlled by a radio-frequency input
signal and a signal fed back from the filter, the amplifier input impedance
being substantially matched to the antenna impedance at a frequency band of
interest, the signal fed back from the filter providing attenuation of signals
outside the frequency band of interest at the amplifier input, the filter
comprising at least a first filter component, the first filter component
comprising: a first input and a second input for receiving the amplifier output; a
first switch arranged to selectively connect the first input to a first impedance;
a second switch arranged to selectively connect the first input to a second
impedance; a third switch arranged to selectively connect the second input to
the first impedance; and a fourth switch arranged to selectively connect the
second input to the second impedance; the first and fourth switches being
controlled by a first oscillator signal and the second and third switches being
controlled by a second oscillator signal that is 180° out of phase with the first

oscillator signal.

Embodiments of the invention will now be described, by way of example only,

with reference to the Figures in which:
Figure 1 is a block diagram of a single-band zero-IF receiver architecture;

Figure 2 is a block diagram of a zero-IF receiver architecture for a multi-mode

or multi-standard application requiring several external RF filters;

Figure 3 is a block diagram of a zero-IF receiver architecture for multi-mode or
multi-standard applications comprising a frequency selective LNA with on-chip
RF filter;

Figure 4 is a partial circuit diagram of a feedback LNA which may be used in

the arrangement shown in Figure 3;
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Figure 5 illustrates a typical damped LC-tuned resonator load used in LNA

designs;
Figure 6 illustrates one possible implementation of the LNA shown in Figure 4;

Figure 7 illustrates a common-gate LNA corresponding to the LNA shown in

Figure 6 in the case of no feedback (a=0);

Figure 8 illustrates a circuit diagram of a differential feedback LNA with on-

chip filter used in the embodiment shown in Figure 3;

Figure 9 shows the frequency response of the feedback LNA shown in Figure
8 with and without the RF filter;

Figure 10 illustrates one possible circuit level implementation of the feedback
LNA shown in Figure 8;

Figure 11a illustrates the frequency response of the feedback LNA shown in
Figure 10 with and without the on-chip REF filter at the LNA output in the case
that the RF filter is a four-phase TIF shown in Figure 15;

Figure 11b illustrates the frequency response of the feedback LNA shown in
Figure 10 with and without the on-chip RF filter at the LNA output in the case
that the RF filter is a eight-phase TIF shown in Figure 17;

Figure 12 shows the voltage gain of the feedback LNA shown in Figure 10
with and without the on-chip RF filter in the vicinity of the RF operation

frequency;

Figure 13 illustrates a common-gate LNA corresponding to the LNA shown in

Figure 10 in the case of no feedback (a=0);

Figure 14 illustrates the differential feedback LNA with on-chip filter shown in

Figure 8 in the case that the filter is a four-phase TIF shown in Figure 15;

Figure 15 illustrates a four-phase transferred-impedance filter (TIF) which may

be used in embodiments of the invention;
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Figure 16 shows typical LO voltage waveforms driving the four-phase TIF

shown in Figure 15;

Figure 17 illustrates an eight-phase TIF which may be used in embodiments

of the invention; and

Figure 18 shows typical LO voltage waveforms driving the eight-phase TIF

shown in Figure 17.

Figure 1 is a block diagram of a single-band zero-IF receiver architecture. In
the receiver 1 illustrated in Figure 1, the antenna 3 feeds the received RF
signal to an RF band-pass filter 4 (pre-selection filter) that performs the pre-
selection of the received RF band. The LNA 5, which is usually the first
integrated block of the receiver [C 2, amplifies the RF signal in order to reduce
the noise contributions of the following stages. | and Q down-conversion
mixers 6a, 6b convert the signal to analog baseband. The down-converted
signals are filtered by respective low-pass filters 7a, 7b Voutput to respective
variable gain stages 8a, 8b. Finally, respective analog-to-digital converters
(ADC) 9a, 9b convert the analog signal from the respective gain stages 8a, 8b

to a digital form.

Figure 2 is a block diagram of a zero-IF receiver architecture for a multi-mode
or multi-standard application requiring several external RF filters. In the
receiver 31 illustrated in Figure 2, three antennas 33a-c feed respective
received RF signals to respective RF band-pass filters 34a-c (pre-selection
filter) that perform the pre-selection of the received RF bands. Each of the
bandpass filters is tuned to a respective different frequency. Respective LNAs
35a-c amplify the respective RF signals in order to reduce the noise
contributions of the following stages. As in the single band receiver, | and Q
down-conversion mixers 36a, 36b down-convert the radio signal to analog
baseband. Respective low-pass filters 37a, 37b respectively filter the
baseband signal, and respective variable gain stages 38a, 38b process the
filtered signal. Finally, respective analog-to-digital converters (ADC) 39a, 39b

convert the analog signal to a digital form.

PCT/EP2009/067988



WO 2010/076320

10

15

20

25

30

In low-intermediate-frequency (IF) receivers, problems can arise by the
presence of an image frequency and so it is preferable to reject the image
frequency. The image rejection may be performed, for example, in the digital
domain. If the image rejection in the low-IF receiver is carried out in the digital
domain, Figures 1 and 2 represent also the block diagram of the low-IF
receiver architecture. In this case the block diagram of the analogue receiver

for the zero-IF and low-IF receivers would be the same.

In most cases, it is the first active circuit blocks in the receiver, i.e. the RF
front-end consisting of the LNA and down-conversion mixer, whose
performance is the most sensitive to the blocking signals. At the baseband,
circuits can be linearised more effectively and blocking signals can be filtered
out. It is understood that references to blocking signals also includes RF
interference signals and any other type of non-desired signals.

In embodiments of the invention, the filtering requirements for the pre-
selection filter may be lowered if the RF front-end of a radio receiver is
designed to be sufficiently linear to tolerate blocking signals without
compression, and if the blocking signals at the front-end are filtered to a
sufficiently low level so that the receiver circuits following the LNA can tolerate
them. In some embodiments this allows the RF pre-selection filter to be
removed altogether. This significantly lowers the cost and BOM of the entire
radio receiver. Simultaneously, the integration level of the receiver can be
increased. Finally, higher NF in the RXIC can be tolerated, because the loss

associated with the pre-selection filter is not present.

In the embodiments described below, a highly linear LNA combined with on-
chip RF filter is provided. The LNA merged with the RF filter represents a
small RF input impedance for the blocking signals, which decreases the
voltage swing due to the blocking signals at the LNA input improving the LNA

linearity.

Figure 3 is a block diagram of one embodiment of the present invention
comprising a zero-IF receiver architecture for multi-mode or multi-standard

applications. The architecture illustrated in Figure 3 is similar to the
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arrangements shown in Figures 1 and 2. For example, as before, the RXIC 52
comprises | and Q down-conversion mixers 56a, 56b, respective low-pass
filters 57a, 57b, respective gain stages 58a, 58b and respective analog-to-
digital converters (ADC) 59a, 59b. However, unlike the arrangements shown
in Figures 1 and 2, the RXIC 52 front end comprises a frequency selective
LNA 55 together with an on-chip RF filter 54. Consequently, the embodiment
shown in Figure 3 does not require external RF filters. Embodiments, such as
the one illustrated in Figure 3, may be implemented using any suitable circuit
technology, such as pure digital CMOS technology, for example.

The LNA 55 with on-chip filter 54 may be used in an integrated wireless radio
receiver to amplify the desired signal and to filter blocking signals, or other
undesirable signals, for example located close to the desired signal. In the
illustrated embodiments, for example, approximately 16-20 dB attenuation
may be provided for the blocking signals compared to the desired signal. The
attenuation may depend on the ampilifier architecture, for example whether a
four-phase or eight-phase TIF described below is used.

Embodiments of the present invention may be advantageously applied to
multi-band radio receivers. Embodiments of the invention are applicable to
any time-division multiplexing standards, including TDD WCDMA (Time-
Division Duplex Wide-Band Code-Division Multiple Access). For example, it
may be possible to implement the radio receiver in applications such as GSM
(Global System for Mobile Communications) without an expensive off-chip RF
filter. In some embodiments, only a single (balanced) RF input is required in
the RXIC to receive all of the GSM bands in the vicinity of 1 GHz and 2 GHz.
This is due to the fact that the center frequency of the on-chip RF filter may be
tuned to the desired reception frequency simply by tuning the frequency of the
local oscillator (LO) signal. Since the center frequencies of the external pre-
selection filters shown in Figure 2 are fixed, each reception band needs its
own filter. As a result, the cost of a receiver embodying the invention may be
significantly lowered, for example in the embodiment shown in Figure 3.

In various embodiments, the LNA itself may be designed to be wideband to

receive all the necessary frequency bands. With the help of the RF filter, the
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LNA can also be made to be linear enough to tolerate blocking signals in the
GSM. Advantageously, the RF filter implemented in the load of the LNA
improves the linearity of the LNA output stage (and in some case also the
input stage) by allowing it to better tolerate blocking signals. The RF filter also
alleviates the linearity requirements of the down-conversion mixer and the

baseband circuits in the receiver downstream.

Figure 4 is a partial circuit diagram of a feedback LNA which may be used, for
example, in the embodiment shown in Figure 3. The LNA 70 is driven by an
antenna represented by the voltage source vs 71 and source resistance Rg 72.
At the amplifier input, the transconductance stage (Gn) 73 is controlled by the
RF input voltage (vin) 74 and the voltage fed back from the LNA output 75
(aveut). The transconductance stage 73 converts the control voltages (i.e. vin
and avey) to an output current 75 which is fed to the load impedance (Z.) 76.
At the load 76, the output RF current is converted to the output voltage 75
(Vo). Finally, the output voltage is fed to the feedback network having a

voltage gain of a.

Figure 4 represents a general diagram of a voltage-voltage feedback LNA.
The LNA 55 shown in Figure 3 may be implemented in any suitable way,
examples of which are given below. In some implementations, the LNA 70
shown in Figure 4 can be used with no feedback (i.e. with a=0 in Figure 4).

The input impedance 77 of the feedback LNA 70 shown in Fig. 4 is of form

Zo(f) == Ry +Z,(f) (1)
where the first term (Rino) is due to the transconductance stage 73 and may be
designed to be frequency independent. In other words, Ring does not depend
on the operation frequency (f). On the contrary, the second term (aZ.(f)) due
to the feedback network does depend on the operation frequency via load

impedance impedance Z(f) 76.

In most cases, LNAs employ LC-tuned load impedances at the amplifier

output to tune out the parasitics and to peak the voltage gain of the amplifier
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at the frequency of interest. A damped LC-tuned resonator load 80 used in
one embodiment of the LNA 55 is illustrated in Figure 5. This circuit fits
between the out node and the high supply voltage in Figure 4; the impedance
Z, indicated in Figure 4 is the impedance shown in Figure 5. The load

impedance 76 can be expressed as

Losl (2)
JoL, R,

p

Z,(f)" =joC, +

In practice, the load impedance is designed to be real at the frequency of
interest fo, i.e. Z/(fo)=R.. This is accomplished by choosing the component
values of the inductance (L,) 81 and capacitance (Cp) 82 in the resonator so

that they are in parallel resonance at f

1

LS @

In another embodiment comprising a multi-standard receiver, the LNA load
impedance 76 can be tuned to the various operation frequencies for instance
by switching the value of the load capacitance (C,) 82 to guarantee equation

(3) is satisfied at different frequencies.

At the frequency band of interest f, the LNA input impedance 77 is preferably
matched to the characteristic impedance (Rs) 72 of the antenna (or pre-
selection filter). This impedance is typically around 50 Q. In other words, at fo,
the LNA input impedance 77 is preferably chosen to fulfill

Zin (f(‘)) = Rin = RinO + aZL (fo) = RinO + aRL = Rs (4)

At the frequency of interest, the input impedance 77 can be matched to the
antenna impedance by tuning the load resonator to achieve Z (fp)=R. at fo. '
Again in embodiments comprising a multi-standard receiver, the LNA input
impedance 77 may be matched to the antenna impedance at various
operation frequencies for instance by switching the value of the load
capacitance (Cp) 82 to guarantee equétions (3) and (4) are satisfied at

different frequencies. Thus, by switching a value of a single component (for
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instance C,, 82) in the LNA load resonator, the load and input impedances 76,
77 can be tuned to various reception bands and the LNA input matching and
maximum voltage gain may be guaranteed at several frequency bands. In
other words, the minimum of the LNA input reflection coefficient follows the
maximum of the amplifier voltage gain. Thus, by providing a component, such
as C,, allowing the value of the component to be varied, the voltage-voltage
feedback amplifier shown in Figure 5 is well suited for reconfigurable multi-
standard receivers. This allows applications using different radio standards.

As already mentioned, the LNA 70 shown in Figure 4 can be realized also with
no feedback, i.e. with a=0. In this particular case, the LNA input impedance 77

is simply

V.
Z,(f)=—"=Ry, (5)
Equation 5 shows that, in this case, wideband input impedance matching
covering several radio standards at various frequency bands may be

provided.

The LNA 70 shown in Figure 4 used in one embodiment is illustrated in more
detail in Figure 6. The amplifier 90 shown in Figure 6 consists of the common-
gate input field-effect transistor (FET) (M4) 91 with cascade FET (Mz) 92 in a
voltage-voltage feedback loop. The feedback network having a voltage gain of

- o may be implemented, for example, with a simple capacitor voltage division.

In this embodiment, the load impedance (Z.) 93 is implemented as a tuned
load as illustrated in Figure 5. However, a simple resistive load could

alternatively or additionally be used.

The LNA 90 illustrated in Figure 6 is shown as a single-ended  circuit.
However, in another embodiment, the LNA 55 is implemented as a differential
circuit. The LNA in this embodiment is described in greater detail below with
reference to Figure 8, the left-hand side of which shows a differential feedback
LNA. Moreover, although the LNA 90 is shown as a CMOS implementation,

bipolar junction transistors (BJT) could also be used. The bias current source
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(Ig) 94 shown in Figure 6 may also be replaced by a resistor or inductor in

other embodiments.

In this case, the input impedance 95 of the LNA 90 can be approximated as

: 1
Zo(f) = =—+aZ,(f) (6)
and the input impedance matching requires that at the frequency band of

interest (fo)

Z,(fy) = Ry =—+aZ,(fy) =—+aR, = R (7)

where gm, is the transconductance of the input FET My 91, Rs 96 is the
characteristic impedance of the antenna and Z.(fo)=R.. Moreover, when the
input impedance 95 of the LNA 90 is matched to the Rs 96, the voltage gain of
the LNA 90 at the frequency of interest is

R,

A (fy)="a =2k (8)

In the case of no feedback (i.e. a=0), the LNA shown in Figure 6 reduces to a
common-gate amplifier 100 illustrated in Figure 7. In the common-gate LNA

100, the input impedance is approximately

1
Z,(f)=— (9)
Again, it is required that at the frequency band of interest, 1/gn=Rs. Moreover,
provided that the input impedance 101 of the common-gate LNA 100 is
matched to the Rg 102, the voltage gain of the LNA 100 is given by Equation
8.

Compared to the common-gate LNA 100 shown in Figure 7, the voltage-
voltage feedback LNA 90 shown in Figure 6 may achieve a lower NF. This is
due to the fact that in the feedback LNA 90, higher input FET
transconductance (and thus lower NF) may be chosen while the feedback

10
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network guarantees the input matching. The noise factor of the common-gate

LNA 100 at impedance match can be approximated as
F=1+y (10)

whereas the noise factor of the feedback LNA 90 shown in Figure 6 is

Y
F=1+ 11
gnk, )

Here y is 2/3 for long-channel FETs and in Equation 11, gnRs>1 may be
satisfied depending on design. The feedback network also linearises the LNA

90 and allows it to tolerate large blocking signals.

Figure 8 illustrates a circuit diagram of a differential feedback LNA 111 with
on-chip filter 112 which may be used in the embodiment shown in Figure 3.
The filter 112 is connected at the amplifier output in parallel with the load LC-
resonator. However, a simple resistive load could also be used. Various
embodiments of the filter 112 are described in greater detail below with

reference to Figures 15 to 18.

Figure 9 shows the frequency response of the feedback LNA 111 with the RF
filter 112, indicated as a solid line 120. Figure 9 also shows what the
frequency response would be without the RF filter 112, shown as a dotted line
121.

In the LNA 111, the load resonator is chosen to resonate at the RF operation

frequency fo

1

e

In addition, at the RF filter's passband 122 (shown in Figure 9), i.e. located

(12)

approximately at the frequencies of fotfsgg Where figg is the -3dB corner
frequency of the filter 112, the filter 112 represents a resistive load
(Zriter(f)=ZL(f)=R.) for the amplifier 111. Moreover, at the filter's passband
122, the LNA input impedance 113 is designed to match the antenna

impedance

11
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Z,(fy)=R, =R, +aZ,(f,) =R, +aR, =R, (13)
and the voltage magnitude at the amplifier’s differential output is

R v R
R 2 R °

5 s

| Vour (fo) I= (14)
where the factor of two in the numerator is due to the fact that differential
output voltage is considered. Here, vs is the voltage magnitude of the desired
RF signals at the antenna. Equation 14 represents the output voltage
magnitude of the desired RF signals located at the RF filter's passband 122.

At the stopband of the filter, i.e. at the frequency offsets of tfir, or larger, from
the RF operation frequency fo 123 as shown in Fig. 11 (here, naturally fig<<
fo), the filter 112 represents a low magnitude impedance |Zgter(fotfi)| at the
LNA output. In practice, the filter's stopband input impedance is much lower
than its passband input impedance, i.e. |Zgiter(fotfie)] << R.. For the same
reason, the magnitude of the amplifier's input impedance at the filter's
stopband

| Z, (fo x fir) =] Ry toZ, (fo x fJF) = Ry + 0Ly rp (fo x fIF) [~ Ry (1 5)

is smaller than the antenna impedance Ry 114. As a result, the blocking
signals located at the stopband of the filter 112 experience attenuation
already at the LNA input compared to the desired RF signhals at the filter
passband. Thus, embodiments in which blocking signals are attenuated
compared to desired signals may provide significant advantages over known
arrangements. In fact, the voltage gain experienced by the blocking signals
from the antenna to the LNA input is given by
R 1

= 16
R+R, (16)

Av,in(f;) iﬁF) = 2
in0

whereas the desired RF signals at the filter passband have a gain of z:

Rin — Rs

= _1 (17)
R+R, R+R 2

Av,in (f;)) =

12
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In addition, since the LNA input impedance 113 is not matched to the antenna
impedance at the frequency of blocking signals, the blocking signals
experience power reflection back to the antenna contributing to reduce signal
processing at the interferer or blocker frequency. Thus, since the voltage
magnitudes of the blocking signals are already attenuated at the LNA input,
they generate less distortion due to the nonlinear voltage-to-current
conversion at the LNA input stage. As a result, the linearity of the LNA 111 is
significantly improved. To summarise, the feedback action combined with the
filtering linearises the LNA allowing it to better tolerate blocking signals and it
also filters out blocking signals already at the LNA input before the first non-

linear circuit element in the RXIC 52.

Figure 10 illustrates a circuit level implementation of the feedback LNA 111
shown in Figure 8 in one embodiment. Here, the amplifier 131 itself consists
of the common-gate FET (M4) 135 with cascade FET (M) 132 in a voltage-
voltage feedback loop. The feedback network having a voltage gain of a may
be implemented with a simple capacitor voltage division. Although shown as a
CMOS implementation in this embodiment, bipolar junction transistors (BJT)
could be used in other embodiments. The bias current source (Ig) 133 shown
in Figure 10 may be replaced by a resistor or inductor in alternative
embodiments. In some embodiments, a resonator load may not be needed
and, for example, a simple resistive load may be employed. Moreover, the
cascade FET 132 may not be needed in some embodiments.

Again, the load resonator is chosen to resonate at the RF operation frequency
fo (see Equation 12). Moreover, at the RF filter's passband 122 (as shown in
Figure 9), the filter 134 represents a resistive load (Zgrer(f)=Z.(f)=R.) for the
amplifier 131 and the LNA input impedance is designed to match the antenna

impedance

Zo(fy)= Ry =—+0aZ,(f;) =—+aR, = R, (18)

m m

where gn, is the transconductance of the input FET M.

13
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The differential output voltage magnitude of the desired RF signals located at
the RF filter’s passband 122 is
R, 2v. R
| Vour (fo) I= == *2" FLVS

N

(19)

At the stopband of the filter 134, the filter 134 represents a low magnitude
impedance |ZrLer(foxfir)| at the LNA output and its input impedance is much
lower than its passband input impedance, i.e. |Zrter(fotfie)] << Ri. Thus, the
magnitude of the LNA input impedance at the filter's stopband (and therefore
at the frequencies of the blocking Signals) is given by

|2, (fo fm)l—l FILTER(J?)+J’1F)1~—— (20)
Again, since this is smaller than the antenna impedance R;, the blocking
signals located at the stopband of the filter 134 experience attenuation
already at the LNA input compared to the desired RF signals at the filter
passband. As a result, the blocking signals generate less distortion at the LNA
input. In this case, the voltage gain experienced by the blocking signals from
the antenna to the LNA input is given by

Joo 1] (21)

+ = < -
v, m(fo f}F / Rs 1+ngs 2

whereas the desired RF signals have a gain of 2 (see Equation 17). Similarly,
it can be shown that at the differential output of the LNA 131, the voltage
magnitude of the blocking RF signals located at the RF filter’s stopband is

Yoy = ) | Extemmn B2 ) o) (22)

where vs now represents the magnitude of the blocking signals at the antenna.

The ratio of the voltage magnitude of the desired RF signal to the voltage
magnitude of the blocking signal at the LNA output may be used to define the

concept of selectivity. In this case, for a given voltage magnitude v at the
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antenna, the selectivity is obtained by dividing Equation 19 by Equation 22.
Thus, the selectivity of the feedback LNA 131 with on-chip RF filter 134 shown
in Fig. 10 is

(1 + g mRs )RL

(23)
2ngs l ZFILTER (f(‘) * f}F) l

Selectivity =

It can be seen that the selectivity is improved by decreasing the filter's

stopband impedance.

Figure 11a illustrates the simulated frequency response (i.e. the voltage gain)
of the actual transistor level realization of the feedback LNA 131 shown in
Figure 10 with and without the on-chip RF filter 134 at the LNA output. In this
example, the RF filter comprises a four-phase TIF, described in greater detail
below. Here, the circuit is implemented using a 66nm CMOS process. From
Fig. 11 it can be seen that the feedback in the LNA 131 together with the RF
filter 134 in the load creates very sharp bandpass response in the vicinity of
the RF operation frequency (here 900 MHz). Figure 11b illustrates the
simulated frequency response of the feedback LNA 131 shown in Figure 10
with and without the on-chip RF filter 134 at the LNA output in the case that
the RF filter comprises an eight-phase TIF, described in greater detail below.

Figure 12 shows the simulated voltage gain of the feedback LNA 131 shown
in Figure 10 using a 65nm CMOS process with and without the on-chip RF
filter 134 in the vicinity of the RF operation frequency (here 900 MHz). In this
example, the RF filter comprises a four-phase TIF. It can be seen that without
the RF filter 134 based on the transferred impedance filter (TIF), the -3dB
frequency of the LNA 131 is about 100 MHz. However, with the RF filter 134
at the LNA output, as low as 1 MHz of -3dB frequency is obtained. Moreover,
for the blocking signals located for instance at the offset frequency of 20 MHz
from the desired RF signal, about 15-dB attenuation can be guaranteed.

In the case of no feedback (i.e. a=0), the LNA 131 shown in Fig. 10 reduces to
a common-gate amplifier 141, as shown in Figure 13, whose input impedance
is approximately 1/gm. Since there is no feedback, this is also the input

impedance seen by the blocking signals. Moreover, because 1/gn=Rs must be
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chosen, both the desired and blocking RF signals experience a gain of /2 from
the antenna to the LNA input. Finally, at the RF filter's passband, the voltage
amplitude of the desired RF signals at the differential LNA output is given by
Equation 19.

At the differential output of the common-gate LNA 141 with on-chip RF filter
144 shown in Figure 13, the voltage magnitude of the blocking RF signals
located at the RF filter’s stopband is

Vounlly £ £ Zenmmla 2] (24)

Thus, in this case the selectivity of the circuit shown in Fig. 13 is

R,

. (25)
| ZFILTER(fO iﬁF) l

Selectivity =

which is seen to depend only on the ratio of the filter's passband impedance
to the stopband impedance.

In the various embodiments of an LNA with on-chip RF filter described herein,
the LNA input impedance may be matched to the antenna impedance at least
at the desired reception band. At the frequencies of blocking signals, the LNA
input impedance may be designed to match the antenna impedance (for
instance as in the common-gate LNA shown in Figure 13), but input
impedance matching may not nevertheless be needed for the blocking signals
(as in the case of feedback LNA shown in Fig. 10). However, it is preferable to
provide a low LNA input impedance at the blocking frequencies to minimize
the distortion generated by the blocking signals at the LNA input. This is the
case both in the common-gate LNA illustrated in Figure 13 and in the
feedback LNA illustrated in Figure 10, in which the RF filter 134 represents a
small load impedance for the LNA 131 at the blocking frequencies, and
through the feedback, this small load impedance is reflected to the LNA input.
Finally, at the LNA output, the RF filter 134 provides large load impedance for
the desired RF signals and small impedance for the interference signals. As a

16
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result, blocking signals are attenuated at the LNA output, and depending on

the LNA topology, already at the LNA input.

In some embodiments, since the center frequency of the RF filter at the LNA
output is tunable via the LO signal frequency with high precision, the merged
LNA and RF filter may be used in multi-standard radio receivers to receive
several radio standards at various frequency bands. In addition, in
embodiments of the invention, bulky and expensive external pre-selection
filters may be replaced with a fully integrated filter.

Various embodiments of the on-chip RF filter will now be described with
reference to Figures 14 to 18. These embodiments are based on a
transferred-impedance filtering (TIF) technique. In this technique, a lowpass
response of a baseband RC-pole is transferred to a bandpass equivalent at
RF frequencies. As a result, a sharp on-chip bandpass filter at RF can be

realized.

Embodiments of a TIF filter comprise one or more filter components. Each
filter component comprises a first input and a second input for receiving the
amplifier output. A first switch (such as a transistor switch) selectively
connects the first input to a first impedance (such as a capacitor) and a
second switch selectively connects the first input to a second impedance.
Similarly, a third switch selectively connects the second input to the first
impedance and a fourth switch selectively connects the second input to the
second impedance. The first and fourth switches are controlled by a first
oscillator signal and the second and third switches are controlled by a second
oscillator signal that is 180° out of phase with the first oscillator signal. A four-
phase TIF 150, described in greater detail below with reference to Figures 15
and 16 comprise two filter components 153a, 153b in which the first oscillator
signal of the second filter component is 90° out of phase with the first oscillator
signal of the first filter component. An eight-phase TIF 160, described in
greater detail below with reference to Figures 17 and 18 comprise four filter
components 163a-d in which the first oscillator signal of the second, third and
fourth filter components 163b-d are respectively 45°, 90° and 135° out of

phase with the first oscillator signal of the first filter component 163a.

17

PCT/EP2009/067988



WO 2010/076320

10

15

20

25

30

Figure 14 illustrates the differential feedback LNA with on-chip filter shown in
Figure 8 in the case that the filter is a four-phase TIF. The transferred-
impedance filter 150 shown in Figure 15 comprises capacitors 151a-d and
metal-oxide semiconductor (MOS) switches 152a-h driven by an LO signal
with quadrature phases and having a duty cycle of about 20%, or less than
25%. The TIF 150 shown in Figure 15 is referred to as a four-phase TIF.
Typical LO voltage waveforms driving the transferred-impedance filter are
illustrated in Figure 16. Specifically, Figure 16 shows the rail-to-rail | and Q LO
signals with a 20% duty cycle driving the four-phase TIF 150. Four phases of
the LO signal are required in this embodiment. In this example, the supply

voltage is 1.2V.

The TIF 150 shown in Figure 15 can also be used as a down-conversion
mixer. In some embodiments, this may be a very useful property of the TIF
150. The down-converted signals, both | and Q phases, are available at the

capacitors 151a-d shown in Figure 15.

In other embodiments, a sharper on-chip bandpass filter at RF may be
created by employing 16 switches (instead of 8 switches shown in Figure 15)
driven by an LO signal having eight phases and duty cycle of about 12.5%
(100%/8), or less. One embodiment is illustrated in Figure 17 and is referred
to as an eight-phase TIF 160. It can be seen that in the eight-phase TIF 160,
twice as many capacitors 161a-h are needed compared to the four-phase TIF
150 shown in Figure 15. However, it can be shown that in the eight-phase TIF
160 the total capacitance needed to achieve a certain corner frequency in the
filter is actually smaller compared to the four-phase TIF 150. Thus, the eight-
phase TIF 160 provides lower silicon area compared to the four-phase TIF
150. Typical LO voltage waveforms driving the eight-phase TIF are illustrated
in Figure 18. Specifically, Figure 18 shows the rail-to-rail | and Q LO signals
with 12.5% duty cycle driving the eight-phase TIF. Eight phases of the LO
signal are required in this embodiment. In this example, the supply voltage is
1.2V. With the eight-phase TIF, larger amplifier voltage gain and attenuation

for the blocking signals can be achieved compared to the four-phase TIF. For

18
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example, voltage gain of around 20dB, and also 20dB attenuation for the

interference signals, can be achieved with respect to the desired signals.

Again, the eight-phase TIF 160 shown in Figure 17 can also be used as a
down-conversion mixer. By combining the four differential down-converted
signals at the capacitors 161a-vh shown in Figure 17 in an appropriate way, the
down-conversion from the harmonics of the LO signal can be cancelled. In a

radio receiver having no preselection filter, this may be a very useful feature.

The skilled person will understand that various modification may be made to
the TIF filters illustrated in Figures 15 and 17. For example, the capacitors
151, 161 and 162 used in the TIF filters may be replaced with other
components providing an impedance. Furthermore, in one embodiment, the
capacitors 162, or alternative components, used in the eight-phase TIF
illustrated in Figure 17 are optional and may be eliminated. The skilled person
would also appreciate thét the TIF filters illustrated in Figures 15 and 17, as
well as other embodiments and variations, may be used in a wide variety of
applications other than those described above, and in particular may be used

in applications outside the field of radio receivers.

In embodiments of the invention, the transferred-impedance filter 150, 160 is
connected at the LNA output. If the low-noise amplifier utilizes an LC-
resonator load at the output, the transferred-impedance filter 150, 160 is
connected in parallel with the LC-resonator circuit. The filter 150, 160
determines both the LNA passband impedance and stopband rejection.
Finally, the clocking frequency of the transferred-impedance filter (i.e. the LO
frequency) sets the center frequency of the filter. In other words, the center

frequency of the filter is tunable via LO frequency.

Embodiments may combine TIF and LNA technology such that an external

preselection filter is no longer required.

Embodiments using 16 switches and 8 phases may enable higher selectivity

to be achieved and may improve the attenuation of interference signals.
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In some embodiments, the TIF and LNA may be combined such that the

linearity of the LNA input stage is relaxed by the TIF in the feedback path.

While various exemplary embodiments of the invention have been described

above, various modifications will readily occur to the skilled person.
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Claims

An integrated circuit (52) for a radio receiver, the circuit comprising: a
radio-frequency amplifier (55) and a radio-frequency filter (54); the
amplifier (55) arranged to receive radio-frequency signals from an
antenna (53), the filter (54) being connected to the amplifier (55)
output, and the output of the filter (54) being provided to a processing
stage (56-59a, 56-59b) of the receiver; the amplifier (65) comprising an
amplifying stage (73) controlled by a radio-frequency input signal (74)
and a signal (75) fed back from the filter (54), the amplifier (65) input
impedance being substantially matched to the antenna (53) impedance
at a frequency band of interest, the signal (75) fed back from the filter
(54) providing attenuation of signals outside the frequency band of
interest at the amplifier (53) input, the filter (54) comprising at least a
first filter component (153a), the first filter component (153a)

comprising:

- a first input (154a) and a second input (154b) for receiving the
amplifier (55) output;

- a first switch (152a) arranged to selectively connect the first

input (154a) to a first impedance (151a);

- a second switch (152b) arranged to selectively connect the first

input (154a) to a second impedance (151b),

- a third switch (152¢) arranged to selectively connect the second
input (154b) to the first impedance (151a); and

- a fourth switch (152d) arranged to selectively connect the

second input (154b) to the second impedance (151b);

the first and fourth switches (152a, 152d) being controlled by a first
oscillator signal (155a) and the second and third switches (152c, 152d)
being controlled by a second oscillator signal (155b) that is 180" out of

phase with the first oscillator signal (155a).
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A circuit according to claim 1 in which the frequency band of interest is
the passband of the filter (54).

A circuit according to claim 1 or 2 in which the amplifier (565) input is not
matched to the antenna (53) impedance at the frequency of

undesirable signals.

A circuit according to claim 1, 2 or 3 in which the amplifier (65) input
impedance is lower than the antenna (53) impedance outside the
frequency band of interest, thereby providing attenuation of signals

outside the frequency band of interest at the amplifier (55) input.

A circuit according to any preceding claim in which the filter (54) is

tunable.

A circuit according to claim 5 in which the filter (54) is tunable with an

oscillator signal.

A circuit according to any preceding claim in which the amplifier (55) is

a differential amplifier.

A circuit according to any preceding claim in which the filter (54) further
comprises a second filter component (153b), the second filter

component (153b) comprising:

- a first input (154a) and a second input (154b) for receiving the
amplifier (55) output;

- a first switch (152e) arranged to selectively connect the first

input (154a) to a first impedance (151c);

- a second switch (152f) arranged to selectively connect the first

input (154a) to a second impedance (151d);

- a third switch (152g) arranged to selectively connect the second
input (154b) to the first impedance (151¢); and

- a fourth switch (152h) arranged to selectively connect the

second input (154b) to the second impedance (151d);
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10.

11.

the first and fourth switches (152e, 152h) being controlled by a first
oscillator signal (155c) and the second and third switches (152f, 1529)
being controlled by a second oscillator signal (155d) that is 180° out of
phase with the first oscillator signal (155c); wherein the first oscillator
signal (155c) of the second filter component (153b) is 90° out of phase

with the first oscillator signal (155a) of the first filter component (153a).

A circuit according to claim 8 in which the filter (154) further comprises
third (163c) and fourth (163d) filter components, the third and fourth

filter components each comprising:

a first input and a second input for receiving the amplifier output;

- a first switch arranged to selectively connect the first input to a

first impedance;

- a second switch arranged to selectively connect the first input to

a second impedance;

- a third switch arranged to selectively connect the second input to

the first impedance; and

- a fourth switch arranged to selectively connect the second input

to the second impedance;

the first and fourth switches being controlled by a first oscillator signal
and the seéond and third switches being controlled by a second
oscillator signal that is 180° out of phase with the first oscillator signal,
wherein the first oscillator signal of the second, third and fourth filter
components (163b-d) are respectively 45°, 90° and 135° out of phase

with the first oscillator signal of the first filter component (163a).

A circuit according to any preceding claim in which at least one of the

impedances (151a-d, 161a-h) is a capacitor.

A circuit according to any preceding claim in which at least one switch

(155a-h) comprises a transistor switch.
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12.

13.

14.

15.

A circuit according to any preceding claim in which the oscillator signals

(155a, 155b) are derived from one oscillator signal.

A circuit according to claim 12 in which the oscillator signal (155a,
155b) is tunable.

A circuit according to claim 8 in which the duty cycle of the oscillator
signal (155a, 155b) is 25% or less.

A circuit according to claim 9 in which the duty cycle of the oscillator

signal is 12.5% or less.
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