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(52) US. CL e 348/264

(57) ABSTRACT

A downconverter and upconverter are provided which can
obtain a sufficient image rejection ratio in a low-Intermedi-
ate Frequency (IF) scheme while reducing power consump-
tion and can suppress Error Vector Magnitude (EVM)-
related degradation in a zero-IF scheme. A complex-
coeflicient transversal filter rejects one side of a positive or
negative frequency, and converts a Radio Frequency (RF)
signal to a complex RF signal configured by real and
imaginary parts. A local oscillator outputs a real local signal
with a set frequency. A half-complex mixer, connected to the
complex-coeflicient transversal filter and the local oscillator,
performs a frequency conversion process by multiplying the
complex RF signal output from the complex-coeflicient
transversal filter and the real local signal output from the
local oscillator, and outputs a complex signal of a frequency
separated by the set frequency from a frequency of the RF
signal.
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DOWNCONVERTER AND UPCONVERTER

PRIORITY

[0001] This application claims priority under 35 U.S.C. §
119 to an application entitled “Downconverter and Upcon-
verter” filed in the Japan Patent Office on Apr. 14, 2005 and
assigned Serial No. 2005-117458, the contents of which are
incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to a downconverter
for performing frequency conversion in a receiver and an
upconverter for performing frequency conversion in a trans-
mitter.

[0004] 2. Description of the Related Art

[0005] (Background Technology of Downconverter of
Low-Intermediate Frequency (IF) Scheme)

[0006] A radio communicator which functions both as a
receiver and a transmitter (like a mobile phone), receives a
Radio Frequency (RF) signal carrying speech content and
data communication content and converts the received RF
signal to a frequency to be input to a demodulator of a
receiver, i.e., a downconverter. There are three front-end
schemes for selecting a channel to select a target signal in the
receiver including a heterodyne scheme for converting an
RF signal to an Intermediate Frequency (IF) signal, a zero-IF
scheme (referred to as a direct conversion or homodyne
scheme) for converting an RF to Direct Current (DC), and
a low-IF scheme for converting an RF signal to an IF signal
slightly away from DC using an image rejection mixer (or a
half-complex mixer for a real input and a complex output)
for rejecting an image frequency signal.

[0007] The background in which the above-described
three schemes are present will be briefly described. The
simplest scheme for frequency-converting an RF signal to an
original signal is the zero-IF scheme for performing direct
frequency conversion to a baseband signal by multiplying
the frequency of the RF signal by the same frequency.

[0008] However, an expensive Phase Locked Loop (PLL)
circuit with very high precision is required to ensure signal
orthogonality and other conditions such that the zero-IF
scheme is realized in a high frequency domain of an RF
signal. Accordingly, a frequency conversion scheme has
been proposed which requires a lower component precision
than the zero-IF scheme. The proposed scheme performs the
frequency conversion by lowering a frequency step by step.
This frequency conversion scheme includes the heterodyne
scheme and the low-IF scheme.

[0009] The heterodyne scheme increases the frequency of
an IF signal and increases a difference between a frequency
of a target signal and an image frequency in an RF signal
processor before frequency conversion, thereby rejecting an
image frequency signal by means of an RF filter and
avoiding interference of the image frequency signal. Here,
the image frequency is present in a low frequency side
separated by twice the frequency of the IF signal from the
target signal frequency, and influences the target signal at the
time of down-conversion.

Nov. 16, 2006

[0010] As a concrete example of the heterodyne scheme,
a full-duplex radio device for simultaneously performing
transmission and reception operations rejects a transmission
frequency signal or a transmission signal (hereinafter, an
image frequency signal) close to an image frequency when
a local signal is common between transmission and recep-
tion. If a filter of an RF signal (hereinafter, referred to as an
RF filter) cannot completely reject a generated image fre-
quency signal when the RF signal is converted to an IF
signal, a frequency of the IF signal is changed between all
radio communication schemes and a frequency of the image
frequency signal is changed, such that the RF filter can reject
the image frequency signal. For this reason, a multi-mode
radio device for supporting multiple communication
schemes changes the frequency of the IF signal in every
mode according to channel bandwidths different between the
modes (or communication schemes). Moreover, the multi-
mode radio device needs to prepare a filter of the IF signal
(hereinafter, referred to as an IF filter) different between
center frequencies or pass frequencies of the modes. In this
case, there is a problem in that circuit size significantly
increases.

[0011] On the other hand, the low-IF scheme performs
frequency conversion using an image rejection mixer 810
(corresponding to a mixer for a real input and a complex
output) configured by a mixer-I1 814 and a mixer-Q 815 that
are provided with a multiplier connected to a local oscillator
813 for outputting a local signal in a downconverter 9 of the
low-IF scheme as illustrated in FIG. 21, respectively. The
local oscillator 813 and the image rejection mixer 810
configure a frequency converter. An undesired signal present
in a symmetric position of the low frequency side, corre-
sponding to a frequency value of the IF signal with respect
to the frequency of the target signal (i.e., an image frequency
signal), is rejected on the basis of a frequency of the local
signal without depending on frequency characteristics of the
RF and IF filters. Here, a rejection ratio of an image
frequency signal is expressed by an image rejection ratio to
be described below. The image rejection ratio can decrease
the frequency of the IF signal because dependency on the
characteristics of the RF filter is low.

[0012] When the frequency of the IF signal is equal to a
channel interval, an image frequency of a target channel is
the next channel neighboring to the target channel.

[0013] For example, the downconverter 9 satisfies the
specification of an associated radio scheme when an image
rejection ratio associated with a requirement specification
such as blocking for an image frequency signal separated by
twice a frequency of an associated IF signal from a fre-
quency of a target IF signal is less than the image rejection
ratio of the downconverter 9 of an associated low-IF scheme
in a radio communication scheme using the downconverter.

[0014] Because the low-IF scheme can decrease the fre-
quency of the IF signal, the IF filter can be configured by an
active filter and an integrated circuit (IC) device can be
easily miniaturized. Because the frequency of the IF signal
does not need to be changed according to each radio
communication scheme in the multi-mode radio device, the
IF filter can be commonly employed.

[0015] If the image frequency signal is present in the
symmetric position of the low frequency side corresponding
to the frequency value of the IF signal with respect to the
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frequency of the target signal on the basis of the frequency
of the local signal as described above, it means that the
frequency corresponding to twice the frequency of the IF
signal becomes a frequency interval between the frequency
of the target signal and the image frequency.

[0016] Because the channel bandwidths are different
between the communication schemes in the above-described
multi-mode radio device, the bandwidth of the IF filter must
be changed according to each radio communication scheme.
However, the low-IF scheme can easily vary characteristics
of the IF filter using a transconductance-capacitor (gmC)
filter for varying transconductance (gm) of a transistor, if
needed. When the low-IF scheme is applied to the multi-
mode radio device, one IF filter can be provided because
multiple IF filters are not needed as in the heterodyne
scheme, such that the multi-mode radio device can be
realized in a small circuit size.

[0017] Even though the low-IF scheme outperforms the
heterodyne scheme as described above, it may ensure only
the image rejection ratio of about 30 dB as described in
Philips, SA1920 datasheet and Philips, SA1921 datasheet.
The image rejection ratio of about 30 dB is not a value
capable of being easily realized. To realize the image rejec-
tion ratio of about 30 dB, a size of an associated transistor
needs to be increased such that the image rejection ratio of
a mixer due to performance variation of a used transistor can
be prevented from being reduced. Increasing the size of the
transition causes all characteristics, except the image rejec-
tion ratio, being degraded due to an increase in power
consumption and a decrease in a transition frequency, fT.

[0018] The low-IF scheme can be applied to the radio
communication scheme whose specifications such as block-
ing for an image frequency signal are rigid even when the
image rejection ratio of about 30 dB can be realized.
However, there is a problem in that an associated require-
ment specification cannot be satisfied and the low-IF scheme
cannot be applied, when a robustness to interference ratio of
more than 30 dB is required.

[0019] However, the low-IF scheme can be applied
because a requirement specification for interference robust-
ness such as blocking for an image frequency signal at a
frequency within 300 kHz from a target signal frequency is
only 18 dB in Global System for Mobile Communication
(GSM).

[0020] On the other hand, because a requirement specifi-
cation for interference robustness for an adjacent channel
separated by 5 MHz from a frequency of a target signal is 33
dB in Wideband Code Division Multiple Access
(W-CDMA), the low-If scheme provides borderline perfor-
mance with respect to the image rejection ratio of 30 dB as
described above when practical use is considered. A need
exists for precision improvement for improving selection of
a mixer used in a device or an image rejection ratio such that
the low-IF scheme can satisfy an associated requirement
specification. To achieve the precision improvement, a large
chip area may be required and costs may increase.

[0021] The GSM or W-CDMA uses a digital tuner or a
software radio front-end for converting a frequency in an RF
part and selecting a channel from a plurality of channels in
a digital part. In this case, a requirement specification of
interference robustness such as blocking for an image fre-
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quency signal at a frequency separated by more than 300
kHz from a frequency of a target signal is more than 50 dB,
for example, in the GSM. When the same requirement
specification exceeds the image rejection ratio capable of
being realized by the image rejection mixer also in the
W-CDMA, the channel selection of the digital part is actu-
ally impossible. Accordingly, the low-IF scheme cannot be
applied to the digital tuner or the software radio front-end.

[0022] To address these problems in the low-IF scheme,
four means can be considered for obtaining the image
rejection ratio of more than 40 dB using the above-described
image rejection mixer.

[0023] The first means rejects an image frequency signal
with an RF filter by increasing a frequency of an IF signal
and increasing a difference between a target signal frequency
and an image frequency in the RF part before frequency
conversion.

[0024] The second means corrects characteristics of the
image rejection mixer through a correction process based on
a digital process described in Japanese Patent Laid-Open
No. 2002-246847 and Japanese Patent Laid-Open No. Hei
6-188928 [PLEASE CONFIRM PATENT NUMBER], and a
correction process based on an analog circuit process
described in Japanese Patent No. 2988277 and Japanese
Patent Laid-Open No. 2000-224497.

[0025] The third means rejects an image frequency signal
by providing a phase shifter in an RF part, obtaining a phase
difference of 90 degrees in an associated phase shifter,
generating a complex RF signal, and performing frequency
conversion by complex multiplication of the complex RF
signal by a complex local signal as described in “Mixer
Topology Selection for a Multi-Standard High Image-Reject
Front-End”, Vojkan Vidojkovic, Johan van der Tang, Arjan
Leeuwen burgh and Arthur van Roermumd, ProRISC Work-
shop on Circuits, Systems and Signal Processing, pp. 526-
530, 2002 (hereinafter “Mixer Topology Selection for a
Multi-Standard High End” and FIG. 3.25(5) of “CMOS
WIRELESS TRANSCEIVER DESIGN”, Jan Crols, Michiel
Steyaert, Kluwer, International Series in Engineering and
Computer Science, 1997 and FIG. 3.25(4) (hereinafter
“CMOS WIRELESS TRANSCEIVER DESIGN”).

[0026] The fourth means rejects an image frequency signal
by frequency-converting an RF signal, generating a complex
signal, and performing complex multiplication with a com-
plex local signal through a mixer using the complex local
signal as illustrated in FIG. 3.28 and FIG. 3.31 of “CMOS
WIRELESS TRANSCEIVER DESIGN”.

[0027] However, the four means include the following
problems with the downconverter. The first means has a
problem in that power consumption increases due to a clock
increase in an analog-to-digital converter (ADC) for con-
verting an IF signal to a digital signal and a digital signal
processor for processing an output of an associated ADC.
This is the first problem of the downconverter. To address
this problem, a sub-nyquist sampling technique is used for
the clock reduction in the ADC as is well known. In this
case, an input frequency band of the ADC is widened, such
that power consumption increases. Accordingly, it is difficult
for a sub-nyquist sampling technique to be actually adopted.

[0028] The second means has a problem in that power
consumption increases according to a computational process
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in a digital part for a correction based on a digital process.
The second means has another problem in that a size of a
correction circuit, for a correction based on an analog
process, increases and correction precision is bad.

[0029] The third means has a problem in that loss occurs
in the phase shifter. The loss in the phase shifter increases,
for example, when a degree of the phase shifter is increased
to widen a band. Due to this loss, reception sensitivity is
degraded. The third means has another problem in that
practical precision cannot be obtained in the phase shifter
configured by a Resistor-Capacitor (RC) circuit when input/
output impedance is considered because R and C values are
small in the RF of a high frequency.

[0030] The fourth means has problems in that power
consumption increases because the number of mixers and
the number of local signal oscillators are increased to
generate complex signals from the mixers using complex
local signals and spurious reception occurs due to the
increased number of local signal oscillators.

[0031] In addition to the above-described first to fourth
problems, the low-IF scheme has a problem in that a circuit
size increases because a local oscillator 813 for outputting
orthogonal local signals of sin and cos and two multipliers
(i.e., mixers 814 and 815) are needed, as illustrated in FIG.
21. The heterodyne scheme requiring only a single local
signal and a single mixer has a problem in that power
consumption increases.

A. Background Technology of Upconverter of Low-IF
Scheme

[0032] A transmitter of a radio communicator such as a
mobile phone or so on generates a real IF signal by mixing
a complex baseband signal with a complex local signal and
generates a real RF signal by mixing the real IF signal with
areal local signal according to an upconverter function, such
that the baseband signal including speech content and data
communication content is converted to the RF signal.

[0033] To reject an image frequency signal of an IF signal
in an RF filter of an upconverter, an IF signal frequency
needs to be increased according to a broad system band-
width and needs to be further increased according to a broad
RF band corresponding to a broad channel band due to a
high communication rate. Therefore, there is a problem in
that cost and power consumption increase in an IF signal
processor. On the contrary, there is a problem in that a rigid
requirement specification is applied when an IF signal
frequency is reduced.

[0034] To address these problems, the upconverter can
have a structure (hereinafter, referred to as a first structure)
for rejecting an image frequency signal while reducing an IF
signal frequency by converting a complex baseband signal
to a complex IF signal in a full-complex mixer and mixing
an associated complex IF signal with a complex local signal
in an image rejection mixer (hereinafter, referred to as a
half-complex mixer). According to the first structure, a
requirement specification for an attenuation amount of a stop
band of the RF filter is mitigated. The first structure requires
only a one-step SAW filter rather than two-step SAW filters
conventionally needed for an RF signal.

[0035] From Philips, SA1920 datasheet and Philips,
SA1921 datasheet, it can be seen that an image frequency
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signal of -30 dBc is estimated as a spurious transmission
component in terms of the performance of an image rejec-
tion ratio of the full-complex mixer available for reception
in the receiver. In this performance, the spurious transmis-
sion component may exceed the specification of an allow-
able mask (hereinafter, referred to as a spurious mask). To
satisfy the specification, an RF filter is needed to reject an
image frequency signal. When the RF filter is required, a
relation between the requirement specification for the RF
filter and the IF signal frequency needs to be considered. As
a result, there is a problem in that a high IF signal frequency
occurs because the first structure cannot reduce the IF signal
frequency.

[0036] Therefore, a structure (hereinafter, referred to as a
second structure) for the low-IF scheme used in the above-
described downconverter can be considered as special
means for addressing the problem of the high IF signal
frequency. FIG. 32 illustrates a conventional upconverter
using the low-IF scheme. When the second structure is
taken, an RF filter for rejecting an image frequency signal of
an IF signal is unnecessary due to the effect of rejecting the
image frequency signal in the half-complex mixer 400.
Alternatively, a SAW filter of an RF signal may not be
required according to conditions of a requirement specifi-
cation when the requirement specification for the SAW filter
of the RF signal is significantly mitigated.

[0037] However, the image frequency signal appears at a
target frequency because the upconverter of the second
structure cannot completely remove the image frequency
signal. FIG. 33 illustrates a spectrum of a complex IF signal
(S35 of FIG. 33) with a center frequency of 5 MHz
frequency, converted from a Double Side Band (DSB) signal
with a carrier interval of 1.6 MHz of a complex baseband in
an upconverter 35 of the second structure of FIG. 32. FIG.
34 illustrates a spectrum of a real signal output when the
complex IF signal illustrated in FIG. 33 is mixed with a
complex local signal (of 795 MHz) in which an error of 10%
is present between amplitudes of a real axis signal I,
corresponding to a real part (of an in-phase component), and
an imaginary axis signal Q, corresponding to an imaginary
part (of a quadrature phase component). In FIG. 34, an
image frequency signal of =26 dBc (S37 in FIG. 34) occurs
with respect to a target signal (800 MHz) S36 at the image
frequency (790 MHz).

[0038] If only the image rejection ratio of about -30 dBc
can be ensured, a spurious mask near a target signal exceeds
an associated specification in the upconverter of the second
structure as in a mixer shown in the above-described Phil-
lips, SA1920 datasheet and Phillips, SA1921 datasheet. For
example, there is a problem in that an associated specifica-
tion may not be stably satisfied because the image rejection
ratio may be reduced due to performance variation of the
half-complex mixer or variation of environment conditions,
even though the specification of an associated spurious mask
can be almost satisfied.

[0039] To reduce degradation of the image rejection ratio,
it may be attempted to limit the variation in manufacturing
error of a transistor used for a mixer that results from
increasing a transistor size. When the transistor size
increases, the power consumption of the transistor increases,
the transition frequency, fT, decreases, and all characteristics
except the image rejection ratio are degraded. Because of the
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inaccuracy of an analog circuit, it is difficult for an image
rejection ratio to be satisfied and therefore it is difficult for
the method for increasing the transistor size to be taken.

[0040] To address a problem associated with the upcon-
verters of the above-described first and second structures, a
third structure can be considered for a transmitter of the
low-IF scheme according to a signal process using a
polyphase filter used in a receiver illustrated in FIG. 3.28
and FIG. 3.31 of “Mixer Topology Selection for a Multi-
Standard High Image-Reject Front-End” and “CMOS
WIRELESS TRANSCEIVER DESIGN™. In the third struc-
ture, a mixer for mixing a complex IF signal and a complex
local signal is set as a full-complex mixer for outputting a
complex RF signal. The third structure rejects a negative
frequency component of the complex RF signal of the mixer
output using a polyphase filter. However, even though the
structure is theoretically excellent, the polyphase filter is
configured by an RC circuit, so loss becomes large and a
band becomes narrow. There are additional problems in that
loss is further increased, an image rejection ratio of a filter
output is reduced, and utility is degraded when the number
of'steps increases to obtain a high attenuation level or a wide
band. These problems are the first problems of the upcon-
verter.

[0041] “CMOS WIRELESS TRANSCEIVER DESIGN”
proposes a method for obtaining a complex IF signal to be
input to the above-described full-complex mixer from a
baseband signal in the half-complex mixer, as illustrated in
FIG. 3.28 and FIG. 3.31. However, this method has a
problem of an increase of power consumption and a problem
of spurious reception occurs due to the increased number of
local signal oscillators because the number of mixers and the
number of local signal oscillators are increased. These
problems are the second problems of the upconverter.

[0042] In addition to the above-described first and second
problems, the low-IF scheme has a problem in that a circuit
size increases because a local oscillator 401 for outputting
orthogonal local signals of sin and cos and two multipliers,
i.e., mixers 402 and 403 are needed as illustrated in FIG. 32.
As compared with the heterodyne scheme requiring only a
single local signal and a single mixer, the low-IF scheme has
a problem in that power consumption increases. These
problems are the third problems of the upconverter.

B. Background Technology of Downconverter and Upcon-
verter of Zero-IF Scheme

[0043] A downconverter and an upconverter of the zero-IF
scheme are provided as configuration examples of an upcon-
verter and a downconverter for converting an RF or IF signal
to a complex baseband signal in which a circuit is very
simplified and is easily miniaturized.

C. Downconverter of Zero-IF Scheme

[0044] FIG. 44 illustrates the downconverter of the zero-
IF scheme, and FIG. 56 illustrates the upconverter of the
zero-IF scheme.

[0045] FIG. 45 illustrates a mixing process in a down-
converter 46 of the zero-IF scheme illustrated in FIG. 44.
The downconverter 46 multiplies (or half-complex mixes) a
real RF signal s (t) and a complex local signal L. (t) of the
same frequency as a frequency f, of an associated real RF
signal output from a local oscillator 602 in a half-complex
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mixer 603. Then, the downconverter 46 performs a fre-
quency conversion process in which the center frequency is
frequency zero (DC). Then, the downconverter 46 converts
an associated signal to a complex baseband signal s, (t).
Then, the downconverter 46 inputs the complex baseband
(BB) signal s, (t) to a demodulator.

[0046] In the operation of the half-complex mixer 603 for
converting only a positive component of a real RF signal to
a baseband signal, a signal S, (t)L,.(t) based on a negative
frequency component of the real RF signal overlaps with a
target signal S; (t)L,(t) at frequency zero of the complex BB
signal s, (t). The overlap occurs because of a negative
component S, (t) (or a complex conjugate signal of the
positive component) of the real RF signal generated from
Error Vector Magnitude (EVM) due to imbalance between |
and Q components and an error component L, (t) of the
complex local signal. For this reason, it is difficult for only
the target signal to be extracted.

[0047] A real RF signal, a complex local signal, and a
complex baseband signal in a process as illustrated in FIG.
45 are expressed by Equations (1), (2), and (3), respectively.

s+ jsg (D) 850 = js(0) Equation (1)
== 2

=5p(D) +5pm(D)

Lys(0) = Li(0) + Ly (1) Equation (2)

5pp(1) = (Sip (D) + Spm(DIL4(D) + (51 (D) + S (D) Lie (1) Equation (3)

[0048] FIG. 57 illustrates a mixing process in an upcon-
verter 66 of the zero-IF scheme illustrated in FIG. 56. The
upconverter 66 multiplies (or half-complex mixes) a com-
plex baseband signal s, (t) and a complex local signal L _«(t)
with a frequency f, of an RF signal s (t) output from a local
oscillator 910 in a half-complex mixer 911. Then, the
upconverter 66 performs frequency conversion to the RF
signal frequency f_ and outputs a real part of the RF signal.
Because the EVM-related degradation (in an associated
process as in the downconverter), an RF signal S;(Y)L,(t)
overlaps with a signal S;*(t)L,.*(t) converted to a reverse
frequency with respect to the RF signal frequency f.. The
overlap occurs due to an error component L, (t) of a complex
local signal and a negative frequency of the RF signal
frequency £, in the complex baseband signal s, (t) when the
frequency conversion to the RF signal and the reverse
frequency conversion are performed and a real part is output.
For this reason, it is difficult for only the target signal to be
extracted.

[0049] A complex baseband signal, a complex local signal,
and a complex RF signal in a process as illustrated in FIG.
57 are expressed by Equations (4), (5), and (6), respectively.

Spp (D) = 80 + js,, (1) = 5,(0) Equation (4)

Lys(0) = Li(0) + Ly (1) Equation (5)

1 e e Equation (6)
Sy (1) = 5 (DL (1) + 57 (DL (1) + 57 (DL, (D) + s(D Ly (1))
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[0050] The upconverter and downconverter of the zero-IF
scheme have an advantage in that they can be miniaturized,
as compared with those for performing multi-step frequency
conversion in the above-described heterodyne scheme.
When real and imaginary axis signals I and Q of a local
signal are not orthogonal after processing in the above-
described mixer, a problem of the EVM-related degradation
due to instability occurs. A problem of a DC offset occurs
when leakage of the local signal is self-received in the mixer.
When the second-order intermodulation (IM2) occurs due to
non-linearity of the mixer, a problem of interference to a
target signal occurs.

[0051] The upconverter of the zero-IF scheme has an
advantage in that it can be miniaturized, as compared with
an upconverter for performing the above-described multi-
step frequency conversion. However, a problem of the
EVM-related degradation and a problem of carrier leakage
corresponding to a DC offset of the zero-IF scheme occur.
Among these problems, the EVM-related degradation sig-
nificantly influences to limit communication rate when
multi-level modulation is performed according to a high
communication rate. The EVM-related degradation needs to
be prevented.

[0052] When real and imaginary axis signals I and Q of a
local signal are not orthogonal after processing in the mixer,
the problem of the EVM-related degradation due to insta-
bility occurs as described above. To prevent the EVM-
related degradation, technology is being developed to
improve characteristics of a circuit that reduces amplitude
error and phase error between the real and imaginary axis
signals I and Q of the local signal and reduces error between
transistors configuring the mixer. Many technologies are
being developed to prevent the EVM-related degradation by
compensating for error between the real and imaginary axis
signals I and Q according to a digital signal process after a
complex baseband signal is converted to a digital signal.

[0053] However, the improvement of circuit characteris-
tics is limited because of instability of an analog circuit.
Specifically, degradation due to interference between codes
in the multi-level modulation and degradation due to inter-
ference between carriers in Orthogonal Frequency Division
Multiplexing (OFDM) occur. Due to these degradations,
limitations are present in increasing a communication rate of
the zero-IF scheme. There are problems in that compensa-
tion technology based on digital signal processing increases
power consumption for complex processing, and cannot
sufficiently prevent the EVM-related degradation. These
problems are the first problems of the zero-IF scheme.

[0054] Image rejection technology of the image rejection
downconverter of “Mixer Topology Selection for a Multi-
Standard High Image-Reject Front-End” and “CMOS
WIRELESS TRANSCEIVER DESIGN” (FIG. 3.25(b))
with a structure similar to the downconverter of the zero-IF
scheme will be described as an example of means for
rejecting a negative frequency component of a real RF signal
in the downconverter of the above-described zero-IF
scheme. When the downconverter with the above-described
structure is generalized, the structure of FIG. 46 results. A
downconverter 47 illustrated in FIG. 46 uses a complex-
coefficient filter 513 in which positive and negative fre-
quency characteristics are different before a real RF signal is
frequency-converted. The downconverter 47 can obtain a
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complex RF signal s (t) in which a negative frequency
component of a real RF signal is rejected. A full-complex
mixer 610 mixes the complex RF signal s,(t) and a complex
local signal L (t) and performs down-conversion to a com-
plex IF signal s;(t).

[0055] FIG. 47 illustrates a process when the complex-
coeflicient filter 513 is absent in the downconverter 47 of
FIG. 46. When the complex-coefficient filter 513 is absent,
a negative frequency component L, (t) occurs due to the
complex local signal L «(t) and instability of the full-com-
plex mixer 610. An associated negative frequency compo-
nent is a factor for generating an image frequency signal

(Slm(t)Lle(t)+S(t)Lle(t))'

[0056] A real RF signal, a complex local signal, and a
complex IF signal in a process as illustrated in FIG. 47 are
expressed by Equations (7), (8), and (9), respectively.

s+ jsg (D) 850 = s (D) Equation (7)
Sif = ) + 3 +
S0+ Jozg () 52100 = jor, (0
2 2

= (5ip(D) + 52 (1) + (1 (1) + 5230 (D))

L) = Li(D) + Le(1) Equation (8)

Sif (1) = (51 (0) + 52 (DLY(D) + (S5 (1) + S2m (D) Lye (1) Equation (9)

[0057] When the complex-coeflicient filter 513 rejects a
negative frequency component, interference due to an image
frequency signal can be reduced. FIG. 48 illustrates a
rejection process. Only a component of a complex RF signal
s,¢(t) in which the negative frequency component is rejected
is frequency-converted to the complex IF signal s,(t).
Because an amount of attenuation of the complex-coeflicient
filter as illustrated in FIG. 48 is finite, the negative fre-
quency component cannot be completely rejected. In addi-
tion to an image rejection ratio of the full-complex mixer
610, interference due to a signal of a negative frequency
component of the complex RF signal is reduced by an
amount of attenuation of a negative frequency of the com-
plex-coefficient filter 513.

[0058] A real RF signal, a complex RF signal, a complex
local signal, and a complex IF signal in a process as
illustrated in FIG. 48 are expressed by Equations (10), (11),
(12), and (13), respectively.

Equation (10)

550 = s (D) +2j51q(l) N s (D) _zj%([) N
52i(0) + jSp(1)  52i(0) = Jspg (D)

2 T 2
= (pp(D) + 525 (D)) + (51 (D) + 52 (D))

50 =5(0) Equation (11)

Lis (1) = Li(0) + Lie(1) Equation (12)
Sip (D) = ($4p (D) + S2p (DL (1) + (S (1) + 52 (D) Lo (1) Equation (13)

[0059] When the downconverter 47 illustrated in FIG. 46
is applied to the zero-IF scheme, a mixing process rejects a
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negative frequency component of the real RF signal as
illustrated in FIG. 49, such that only a target signal can be
obtained at frequency zero.

[0060] A real RF signal, a complex RF signal, a complex
local signal, and a complex baseband signal in a process as
illustrated in FIG. 49 are expressed by Equations (14), (15),
(16), and (17), respectively.

SO+ s s = Js 0 Equation (14)
=" 2

= spp() + 5pm (1)
Sy (D) = 5pp(0) Equation (15)

Ly (1) = Li(0) + Lie(2) Equation (16)

Spu(1) = S (DL(0) + 5, (DL (D) Equation (17)

[0061] D. Upconverter of Zero-IF Scheme

[0062] Next, an upconverter of the zero-IF scheme will be
described. Like the downconverter of the zero-IF scheme,
the upconverter of the zero-IF scheme uses a full-complex
mixer and a complex-coefficient filter and can reject a
distortion error of a transmission signal due to the EVM-
related degradation resulting from imbalance between I and

Q.

[0063] FIG. 58 illustrates a structure of an upconverter 67
with a full-complex mixer 920 and a complex-coeflicient
filter 710. A mixing process of the upconverter 67 is illus-
trated in FIG. 59. The full-complex mixer 920 mixes a
complex baseband signal s, (t) and a complex local signal
L,«(t) and then outputs a complex RF signal s (t). Then, the
upconverter 67 uses a complex-coefficient filter 710 in
which positive and negative frequency characteristics are
different in a complex RF signal. After a negative frequency
component of the complex RF signal is rejected, a real part
is extracted. A real RF signal (Y2(S,(OL,()+S;*(t)L,*(1))) can
be obtained as a target.

[0064] A complex baseband signal, a complex local signal,
a complex RF signal, and an RF signal in a process as
illustrated in FIG. 59 are expressed by Equations (18), (19),
(20), and (21), respectively.

SpplD) = $(0) + js,,(1) = 5,() Equation (18)

Ly (1) = Ly(0) + Ly (2) Equation (19)

S (D) = sy(D) + Lig (D) Equation (20)

1 . Equation (21)
sy(0)=Rels () + L] = 3(51(1)14([) + s (OL(D)

[0065] As compared with the heterodyne scheme requir-
ing only a single local signal and a single mixer, the
conventional low-IF scheme requires a local oscillator 602
or 910 for outputting orthogonal local signals of sin and cos
and two multipliers, i.e., mixers 604 and 605 or mixers 912
and 913, are required as illustrated in the structure of FIG.
44 or 56. In the structure of FIG. 46, FIG. 58, or a structure
of FIG. 3.28 and FIG. 3.31 of “CMOS WIRELESS
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TRANSCEIVER DESIGN”, the number of complex-coet-
ficient filters or the number of mixers increases and therefore
a circuit size increases. For this reason, the power consump-
tion of the zero-IF scheme is greater than that of the
heterodyne scheme. This shortcoming is the second problem
of the zero-IF scheme.

[0066] As illustrated in FIG. 3.28 and FIG. 3.31, “CMOS
WIRELESS TRANSCEIVER DESIGN” proposes a method
for generating a complex signal using a half-complex mixer.
However, power consumption increases because the number
of mixers and the number of local signal oscillators are
increased and spurious reception occurs due to the increased
number of local signal oscillators. These shortcomings are
the third problems of the zero-IF scheme.

[0067] As described above, the downconverter of the
low-IF scheme has the first to fifth problems, the upcon-
verter of the low-IF scheme has the first to third problems,
and the downconverter and upconverter of the zero-IF
scheme have the first to third problems.

[0068] The important problems in the downconverter and
upconverter of the low-IF scheme occur when a sufficient
image rejection ratio cannot be obtained and power con-
sumption increases.

[0069] The important problems in the downconverter and
upconverter of the zero-IF scheme occur when EVM-related
degradation occurs and power consumption increases.

[0070] There are increasing market needs for the down-
converter and upconverter of the low-IF scheme and the
zero-1F scheme capable of processing a broadband or multi-
band RF signal. The problems of the low-IF scheme and the
zero-IF scheme must be able to be addressed and the
broadband or multi-band RF signal must be able to be
processed.

SUMMARY OF THE INVENTION

[0071] Accordingly, the present invention has been
designed to solve the above and other problems. Therefore,
it is an object of the present invention to provide a down-
converter and upconverter that can reduce power consump-
tion, obtain a sufficient image rejection ratio in a low-
Intermediate Frequency (IF) scheme, prevent Error Vector
Magnitude (EVM)-related degradation occurring due to
imbalance between an in-phase component (I) and a quadra-
ture phase component (Q) in a zero-IF scheme, and process
a broadband Radio Frequency (RF) signal.

[0072] In accordance with an aspect of the present inven-
tion, there is provided a downconverter for converting a
Radio Frequency (RF) signal to a low frequency, including
a complex-coeflicient transversal filter for generating a real
part of a complex RF signal by performing a convolution
integral according to a generated impulse response based on
an even function for an input RF signal, generating an
imaginary part of the complex RF signal by performing a
convolution integral according to a generated impulse
response based on an odd function for the input RF signal,
rejecting one side of a positive or negative frequency, and
outputting the complex RF signal; a local oscillator for
outputting a real local signal with a predetermined fre-
quency; and a complex mixer, connected to the complex-
coeflicient transversal filter and the local oscillator, for
performing a frequency conversion process by multiplying
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the complex RF signal output from the complex-coefficient
transversal filter and the real local signal output from the
local oscillator, and outputting a complex signal of a fre-
quency separated by the predetermined frequency from a
frequency of the RF signal.

[0073] In accordance with another aspect of the present
invention, there is provided a downconverter for converting
a Radio Frequency (RF) signal to a low frequency, including
a distributor, provided with a plurality of output terminals,
for switching and outputting an input RF signal; a plurality
of complex-coefficient transversal filters having different
pass band frequencies in a plurality of transversal filters
connected to the plurality of output terminals of the dis-
tributor in a one-to-one correspondence, the plurality of
complex-coefficient transversal filters outputting a real part
of'a complex RF signal by performing a convolution integral
according to a generated impulse response based on an even
function for the RF signal output from the distributor,
outputting an imaginary part of the complex RF signal by
performing a convolution integral according to a generated
impulse response based on an odd function for the RF signal
output from the distributor, rejecting one side of a positive
or negative frequency in the pass band frequencies, and
outputting the complex RF signal; a local oscillator for
switching and outputting a real local signal of a frequency
according to the pass band frequencies of the plurality of
complex-coefficient transversal filters; a plurality of com-
plex mixers connected to the plurality of complex-coeffi-
cient transversal filters in the one-to-one correspondence and
connected to the local oscillator, the plurality of complex
mixers performing a frequency conversion process by mul-
tiplying the complex signal output from the complex-coef-
ficient transversal filter and the real local signal output from
the local oscillator, and outputting a complex signal of a
frequency separated by a predetermined frequency from a
frequency of the RF signal; and a combiner, connected to the
plurality of complex mixers, for switching a connection of
the plurality of complex mixers and outputting the complex
signal outputted from the plurality of complex mixers.

[0074] In accordance with another aspect of the present
invention, there is provided an upconverter for converting a
complex signal to a frequency of a Radio Frequency (RF)
signal, including a local oscillator for outputting a real local
signal with a predetermined frequency; a complex mixer,
connected to the local oscillator, for performing a frequency
conversion process by multiplying an input complex signal
and the real local signal output from the local oscillator, and
outputting a complex RF signal; and a complex-coeflicient
transversal filter, connected to the complex mixer, for per-
forming a convolution integral according to a generated
impulse response based on an even function for a real part
of the complex RF signal output from the complex mixer,
performing a convolution integral according to a generated
impulse response based on an odd function for an imaginary
part of the complex RF signal output from the complex
mixer, rejecting one side of a positive or negative frequency,
and outputting a real RF signal.

[0075] In accordance with yet another aspect of the
present invention, there is provided an upconverter for
converting a complex signal to a frequency of a Radio
Frequency (RF) signal, including a distributor, provided
with a plurality of output terminals, for switching and
outputting an input complex signal; a plurality of complex-
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coeflicient transversal filters, connected to the plurality of
output terminals of the distributor in a one-to-one corre-
spondence, having different pass band frequencies the plu-
rality of complex-coeflicient transversal filters performing a
convolution integral according to a generated impulse
response based on an even function for a real part of an input
complex RF signal, performing a convolution integral
according to a generated impulse response based on an odd
function for an imaginary part of the complex RF signal,
rejecting one side of a positive or negative frequency in the
pass band frequencies, and outputting a real RF signal; a
local oscillator for switching and outputting a real local
signal of a frequency according to the pass band frequencies
of the plurality of complex-coefficient transversal filters; a
plurality of complex mixers connected to the plurality of
output terminals of the distributor and inputs of the plurality
of complex-coefficient transversal filters in the one-to-one
correspondence and connected to the local oscillator, the
plurality of complex mixers performing a frequency con-
version process by multiplying the complex signal output
from the distributor and the real local signal output from the
local oscillator, and outputting a complex RF signal to an
associated complex-coefficient transversal filter; and a com-
biner, connected to the plurality of complex mixers, for
switching and outputting the real RF signal output from the
plurality of complex-coefficient transversal filters.

BRIEF DESCRIPTION OF THE DRAWINGS

[0076] The above and other objects and advantages of the
present invention will be more clearly understood from the
following detailed description taken in conjunction with the
accompanying drawings, in which:

[0077] FIG. 1 illustrates a first basic structure of a down-
converter of a low-Intermediate Frequency (IF) scheme in
accordance with the present invention;

[0078] FIG. 2 illustrates an output spectrum and filter
characteristics of a complex-coefficient transversal filter
used in the downconverter of the low-IF scheme in accor-
dance with the present invention;

[0079] FIG. 3 illustrates an output spectrum of a half-
complex mixer used in the downconverter of the low-IF
scheme in accordance with the present invention;

[0080] FIG. 4 illustrates an impulse response of a real part
of the complex-coefficient transversal filter used in the
downconverter of the low-IF scheme in accordance with the
present invention;

[0081] FIG. 5 illustrates an impulse response of an imagi-
nary part of the complex-coeflicient transversal filter used in
the downconverter of the low-IF scheme in accordance with
the present invention;

[0082] FIG. 6 illustrates a structure of Surface Acoustic
Wave (SAW) Filter 1 used in the downconverter of the
low-IF scheme in accordance with the present invention;

[0083] FIG. 7 illustrates a structure of SAW Filter 2 used
in the downconverter of the low-IF scheme in accordance
with the present invention;

[0084] FIG. 8 illustrates a second basic structure of the
downconverter of the low-IF scheme in accordance with the
present invention;
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[0085] FIG. 9 illustrates a complex-coeflicient transversal
filter used in an IF stage of the downconverter of the low-IF
scheme in accordance with the present invention;

[0086] FIG. 10 illustrates an output spectrum and filter
characteristics of the complex-coefficient transversal filter
used in the IF stage of the downconverter of the low-IF
scheme in accordance with the present invention;

[0087] FIG. 11 illustrates an impulse response of a real
part of the complex-coefficient transversal filter used in the
IF stage of the downconverter of the low-IF scheme in
accordance with the present invention;

[0088] FIG. 12 illustrates an impulse response of an
imaginary part of the complex-coefficient transversal filter
used in the IF stage of the downconverter of the low-IF
scheme in accordance with the present invention;

[0089] FIG. 13 illustrates a third basic structure of the
downconverter of the low-IF scheme in accordance with the
present invention;

[0090] FIG. 14 illustrates a structure of a complex-coef-
ficient SAW filter used in an IF stage of the downconverter
of the low-IF scheme in accordance with the present inven-
tion;

[0091] FIG. 15 illustrates an output spectrum of a half-
complex mixer when an IF is 25 MHz in the downconverter
of the low-IF scheme in an example of the first basic
structure in accordance with the present invention;

[0092] FIG. 16 illustrates a first embodiment of the down-
converter of the low-IF scheme in accordance with the
present invention;

[0093] FIG. 17 illustrates a second embodiment of the
downconverter of the low-IF scheme in accordance with the
present invention;

[0094] FIG. 18 illustrates a third embodiment of the
downconverter of the low-IF scheme in accordance with the
present invention;

[0095] FIG. 19 illustrates a structure of a SAW filter used
in the third embodiment of the downconverter of the low-IF
scheme in accordance with the present invention;

[0096] FIG. 20 illustrates a fourth embodiment of the
downconverter of the low-IF scheme in accordance with the
present invention;

[0097] FIG. 21 illustrates a structure of a conventional
downconverter of the low-IF scheme;

[0098] FIG. 22 illustrates an output spectrum of a half-
complex mixer in the conventional downconverter of the
low-IF scheme;

[0099] FIG. 23 illustrates a basic structure of an upcon-
verter of the low-IF scheme in accordance with the present
invention;

[0100] FIG. 24 illustrates an output spectrum of a half-
complex mixer and frequency characteristics of a complex-
coeflicient transversal filter in the upconverter of the low-IF
scheme in accordance with the present invention;

[0101] FIG. 25 illustrates an output spectrum of the com-
plex-coeflicient transversal filter in the upconverter of the
low-IF scheme in accordance with the present invention;
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[0102] FIG. 26 illustrates an impulse response of a real
part of the complex-coefficient transversal filter used in the
upconverter of the low-IF scheme in accordance with the
present invention;

[0103] FIG. 27 illustrates an impulse response of an
imaginary part of the complex-coefficient transversal filter
used in the upconverter of the low-IF scheme in accordance
with the present invention;

[0104] FIG. 28 illustrates a first embodiment of the
upconverter of the low-IF scheme in accordance with the
present invention;

[0105] FIG. 29 illustrates a structure of SAW Filter 1 used
in the first embodiment of the upconverter of the low-IF
scheme in accordance with the present invention;

[0106] FIG. 30 illustrates a structure of SAW Filter 2 used
in the first embodiment of the upconverter of the low-IF
scheme in accordance with the present invention;

[0107] FIG. 31 illustrates a second embodiment of the
upconverter of the low-IF scheme in accordance with the
present invention;

[0108] FIG. 32 illustrates a structure of a conventional
upconverter of the low-IF scheme;

[0109] FIG. 33 illustrates spectra of complex IF signals
input to the conventional upconverter and the inventive
upconverter of the low-IF scheme;

[0110] FIG. 34 illustrates an output spectrum of a half-
complex mixer in the conventional upconverter of the low-
IF scheme;

[0111] FIG. 35 illustrates a basic structure of a downcon-
verter of a zero-IF scheme in accordance with the present
invention;

[0112] FIG. 36 illustrates a mixing process of the down-
converter of the zero-IF scheme in accordance with the
present invention;

[0113] FIG. 37 illustrates a basic structure of a downcon-
verter of a quasi-zero-IF scheme in accordance with the
present invention;

[0114] FIG. 38 illustrates frequency characteristics of a
complex-coeflicient filter used in a downconverter of the
zero-1F scheme and the quasi-zero-IF scheme;

[0115] FIG. 39 illustrates an impulse response of a real
part of the complex-coefficient filter used in the downcon-
verter of the zero-IF scheme and the quasi-zero-IF scheme
in accordance with the present invention;

[0116] FIG. 40 illustrates an impulse response of an
imaginary part of the complex-coefficient filter used in the
downconverter of the zero-IF scheme and the quasi-zero-IF
scheme in accordance with the present invention;

[0117] FIG. 41 illustrates an embodiment of the down-
converter of the zero-IF scheme and the quasi-zero-IF
scheme in accordance with the present invention;

[0118] FIG. 42 illustrates a structure of SAW Filter 1
applied to a complex-coefficient SAW filter in the embodi-
ment of the downconverter of the zero-IF scheme and the
quasi-zero-IF scheme in accordance with the present inven-
tion;

74



US 2006/0256216 Al

[0119] FIG. 43 illustrates a structure of SAW Filter 2
applied to a complex-coefficient SAW filter in the embodi-
ment of the downconverter of the zero-IF scheme and the
quasi-zero-IF scheme in accordance with the present inven-
tion;

[0120] FIG. 44 illustrates a structure of a conventional
downconverter of the zero-IF scheme;

[0121] FIG. 45 illustrates a mixing process of the con-
ventional downconverter of the zero-IF scheme;

[0122] FIG. 46 illustrates a structure of a conventional
image-rejection downconverter;

[0123] FIG. 47 illustrates Mixing Process 1 of the con-
ventional image-rejection downconverter;

[0124] FIG. 48 illustrates Mixing Process 2 of the con-
ventional image-rejection downconverter;

[0125] FIG. 49 illustrates Mixing Process 3 of the con-
ventional image-rejection downconverter;

[0126] FIG. 50 illustrates a basic structure of an upcon-
verter of a zero-IF scheme in accordance with the present
invention;

[0127] FIG. 51 illustrates a mixing process of the upcon-
verter of the zero-IF scheme in accordance with the present
invention;

[0128] FIG. 52 illustrates a basic structure of an upcon-
verter of a quasi-zero-IF scheme in accordance with the
present invention;

[0129] FIG. 53 illustrates an embodiment of an upcon-
verter of the zero-IF scheme and the quasi-zero-IF scheme
in accordance with the present invention;

[0130] FIG. 54 illustrates a structure of SAW Filter 1
applied to a complex-coefficient SAW filter in the embodi-
ment of the upconverter of the zero-IF scheme and the
quasi-zero-IF scheme in accordance with the present inven-
tion;

[0131] FIG. 55 illustrates a structure of SAW Filter 2
applied to a complex-coefficient SAW filter in the embodi-
ment of the upconverter of the zero-IF scheme and the
quasi-zero-IF scheme in accordance with the present inven-
tion;

[0132] FIG. 56 illustrates a structure of a conventional
upconverter of the zero-IF scheme;

[0133] FIG. 57 illustrates a mixing process of the con-
ventional upconverter of the zero-IF scheme;

[0134] FIG. 58 illustrates a structure of a conventional
upconverter of the zero-IF scheme with a complex-coeffi-
cient filter;

[0135] FIG. 59 illustrates a mixing process of the con-
ventional upconverter of the zero-IF scheme with the com-
plex-coefficient filter;

[0136] FIG. 60 illustrates an embodiment of the down-
converter with a switching structure in accordance with the
present invention;

[0137] FIG. 61 illustrates an embodiment of the upcon-
verter with a switching structure in accordance with the
present invention;
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[0138] FIG. 62 illustrates Example 1 of the switching
structure of the downconverter;

[0139] FIG. 63 illustrates Example 2 of the switching
structure of the downconverter;

[0140] FIG. 64 illustrates Example 1 of the switching
structure of the upconverter; and

[0141] FIG. 65 illustrates Example 2 of the switching
structure of the upconverter.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0142] Hereinafter, a preferred embodiment of the present
invention will be described with reference to the accompa-
nying drawings. In the following description of the present
invention, a detailed description of known functions and
configurations incorporated herein is omitted to avoid mak-
ing the subject matter of the present invention unclear.

A. Principle of Downconverter of Low-Intermediate Fre-
quency (IF) Scheme

[0143] The principle of a downconverter of a low-IF
scheme in accordance with the present invention will be
described with reference to an example of a basic structure
of the downconverter of the low-IF scheme. FIG. 1 illus-
trates a downconverter 1 corresponding to a first basic
structure of the downconverter of the low-IF scheme in
accordance with the present invention. The downconverter 1
is a radio receiver, and is provided with an IF generator 11
and a baseband generator 12. The IF generator 11 for
converts a Radio Frequency (RF) signal, input from an input
terminal TRF connected to an antenna, to an IF signal. The
baseband generator 12 converts the IF signal output from the
IF generator 11 to a real axis component I and an imaginary
axis component Q of a baseband signal, extracting the
baseband signal, and outputting the extracted baseband
signal to a demodulator.

[0144] The IF generator 11 is configured by a Low Noise
Amplifier (LAN) 111, a complex-coefficient transversal fil-
ter 115, a local oscillator 181 for outputting a real local
signal, and a half-complex mixer 118.

[0145] In the IF generator 11, the complex-coefficient
transversal filter 115 is used to reject a positive or negative
frequency component and is configured by band pass filters
(BPF)-1115a and a BPF-Q 1155. An input terminal Irp of the
complex-coeflicient transversal filter 115 is commonly con-
nected to the BPF-I 1154 and the BPF-Q 1155. An output
terminal Orpl of the complex-coefficient transversal filter
115 is connected to an output terminal of the BPF-1 1154. An
output terminal OrpQ of the complex-coefficient transversal
filter 115 is connected to an output terminal of the BPF-Q
1155.

[0146] The half-complex mixer 118 is used to frequency-
convert an RF signal to an IF signal and is configured by
multipliers, i.e., a mixer-I 182 and a mixer-Q 183. A local
oscillator 181 inputs a real local signal corresponding to a
real signal of cos or sin to an input terminal Thm of the
half-complex mixer 118. The half-complex mixer 118 mul-
tiplies a complex signal S11B, input from input terminals
Thml and ThmQ, and the real local signal, performs fre-
quency conversion to a frequency value out of an RF signal
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band in a frequency value separated by a predetermined (set)
frequency from frequency zero, and outputs a complex
signal S11C.

[0147] In the frequency value separated by the predeter-
mined frequency from the frequency zero, a frequency value
out of a channel signal band of the RF signal, i.e., an IF, is
a frequency (corresponding to a predetermined frequency of
a downconverter mentioned in the claims) separated by an
offset frequency from the center frequency of the RF signal
out of a channel signal band of the RF signal.

[0148] The baseband generator 12 is connected to the IF
generator 11 through terminals TT and TQ, and is configured
by BPFs 121 and 122, Auto Gain Control (AGC) amplifiers
123 and 124, Analog-to-Digital Converters (ADCs) 125 and
126, an imbalance corrector 127, a local oscillator 128, a
full-complex mixer 129, and low pass filters (LPFs) 130 and
131.

[0149] The BPFs 121 and 122 limit a real axis component
S11CI and an imaginary axis component S11CQ of the input
complex signal S11C to a frequency band of a predeter-
mined range based on the IF, and then output a complex
signal S12A.

[0150] The AGC amplifiers 123 and 124 control a gain
according to a voltage applied from an input terminal TAGC.
The ADCs 125 and 126 convert an analog signal to a digital
signal.

[0151] The imbalance corrector 127 is configured by a
compensation value memory 132 and a multiplier 133. The
imbalance corrector 127 digitally corrects a difference
between the amplitude of an output signal S12CI of the ADC
125 and the amplitude of an output signal S12CQ of the
ADC 126 on the basis of a difference between the amplitude
of an output signal of the AGC amplifier 123 and the
amplitude of an output signal of the AGC amplifier 124.
When signals of real and imaginary parts of the half-
complex mixer 118 are completely orthogonal, interference
of positive and negative signals is absent. However, when an
amplitude difference between the real and imaginary parts is
present in a filter process performed in the baseband gen-
erator 12 or the AGC amplifiers 123 and 124 and the ADCs
125 and 126, interference due to an image frequency signal
occurs. For this reason, the imbalance corrector 127 corrects
the amplitude difference, thereby rejecting image frequency
interference throughout a target signal band.

[0152] In the imbalance corrector 127, the compensation
value memory 132 stores in advance a value (or compen-
sation value) of a ratio between the amplitude of the output
signal S12CQ of the ADC 126 and the amplitude of the
output signal S12CI of the ADC 125 on the basis of the
amplitude of the output signal S12CQ of the ADC 126. The
multiplier 133 multiplies the amplitude of the output signal
S12CQ of the ADC 126 in an input terminal licQ and the
compensation value based on the amplitude input from the
compensation value memory 132, and then outputs a mul-
tiplied output signal S12DQ to an output terminal OicQ. The
output signal S12CI of the ADC 125 in the input terminal
Ticl is output, to an output terminal Oicl, as an output signal
S12D1.

[0153] The full-complex mixer 129 is used to perform
frequency conversion, and is configured by a mixer-11 171,
a mixer-IQ 172, a mixer-QI 174, and a mixer-QQ 175
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serving as multipliers, a subtractor 173, and an adder 176.
The full-complex mixer 129 receives a real axis local cos
signal from the local oscillator 128 through an input terminal
IemC and receives an imaginary axis local sin signal from
the local oscillator 128 through an input terminal IemS. The
full-complex mixer 129 performs a frequency conversion
process based on frequency zero for a complex signal S12D
input from the input terminals Iecml and IemQ), and then
outputs a complex signal S12E.

[0154] Next, the overall operation of the above-described
downconverter 1 will be described. The LNA 111 amplifies
an RF signal of a real signal, input from an antenna to the
input terminal TRF, and then outputs a real signal S11A. The
complex-coeflicient transversal filter 115 to which an asso-
ciated signal is input rejects an image frequency signal for
the real signal S11A input from the input terminal Irp. The
complex-coeflicient transversal filter 115 outputs a real axis
component S11BI and an imaginary axis component S11BQ
of the complex signal S11B with a phase difference of 90
degrees from output terminals Orpl and OrpQ to the half-
complex mixer 118. The half-complex mixer 118 frequency-
converts the real axis component S11BI and the imaginary
axis component S11BQ on the basis of the real signal of cos
or sin input from the local oscillator 181, and then outputs
a complex signal S11C.

[0155] The BPFs 121 and 122 band-limit a real axis
component S11CI and an imaginary axis component S11CQ
of the complex signal S11C to a predetermined range based
on the center frequency of positive and negative IF signals,
and output a complex signal S12A to the AGC amplifiers
123 and 124. The AGC amplifiers 123 and 124 adjust
amplitudes of a real axis component S12Al and an imagi-
nary axis component S12AQ to levels suitable for inputs to
the ADCs 125 and 126. The AGC amplifiers 123 and 124
output a complex signal S12B to the ADCs 125 and 126. The
ADCs 125 and 126 convert an input signal to a digital signal
and then output a complex signal S12C to the imbalance
corrector 127.

[0156] The imbalance corrector 127 digitally corrects a
difference between a real axis component S12CI and an
imaginary axis component S12CQ of the input complex
signal S12C, and outputs a real axis component S12DI and
an imaginary axis component S12DQ of a complex signal
S12D. The full-complex mixer 129 frequency-converts the
complex signal S12D such that the center frequency is
frequency zero according to a real axis local signal cos and
an imaginary axis local signal sin of the complex local signal
output from the local oscillator 128, and then outputs a
complex signal S12E to the LPFs 130 and 131. The LPFs
130 and 131 remove a high frequency component from the
complex signal S12E and output a real axis component [ and
an imaginary axis component Q of a complex baseband
signal to output terminals TOI and TOQ.

B. Complex-Coefficient Transversal Filter in Downcon-
verter of Low-IF Scheme

[0157] Next, a design method and detailed operation of the
complex-coeflicient transversal filter 115 within the IF gen-
erator 11 of the downconverter 1 will be described.

[0158] The complex-coeflicient transversal filter 115 con-
verts an RF signal from a real signal to a complex signal.
The complex-coefficient transversal filter 115 is configured
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by the BPF-1 115a and the BPF-Q 1155. The BPF-I 1154 is
used to process a real axis signal of the complex signal, and
performs a convolution integral with an even-symmetric
impulse. The BPF-I 1155 is used to process an imaginary
axis signal of the complex signal, and performs a convolu-
tion integral with an odd-symmetric impulse. The complex-
coeflicient transversal filter 115 outputs signals from the two
BPFs such that they have a phase difference of 90 degrees.

[0159] The complex-coefficient transversal filter 115 is
designed, for example, using a frequency shift method. That
is, a real-coefficient LPF of a predetermined pass bandwidth
Bw/2 and a stop-band attenuation amount ATT is designed
and a coefficient of the real-coefficient LPF is multiplied by
&®* such that a filter of a center frequency m, a pass
bandwidth Bw, and a stop-band attenuation amount ATT can
be obtained. Here, the complex-coefficient transversal filter
115 is designed in which the center frequency w=800 MHz,
the stop-band attenuation amount ATT=39 dB, and a sam-
pling frequency=2.4 GHz.

[0160] FIG. 4 illustrates an impulse response of a real part
of the complex-coefficient transversal filter 115 that has an
even-symmetric impulse response with respect to the enve-
lope center. FIG. 5 illustrates an impulse response of an
imaginary part of the complex-coefficient transversal filter
115 that has an odd-symmetric impulse response with
respect to the envelope center. In FIGS. 4 and 5, the vertical
axis represents a normalized value.

[0161] Next, the operation of the complex-coefficient
transversal filter 115 within the IF generator 11 will be
described. When an RF signal corresponding to a real signal
is input to the input terminal TRF in FIG. 1, the complex-
coeflicient transversal filter 115 receives a real signal S11A
from the LNA 111 through the input terminal Irp and outputs
a real axis component S11BI and an imaginary axis com-
ponent S11BQ of a complex signal S11B from the output
terminals Orpl and OrpQ.

[0162] For example, two real RF signals are input to the
input terminal TRF such that the real signal S11A includes
two signals. One signal is a Double Side Band (DSB) signal
where a center frequency=800 MHz, a carrier interval=1.6
MHz, and carrier power=—-20 dB. This signal is a target
signal. The other signal is a Continuous Wave (CW) signal
where a frequency=790 MHz that is 10 MHz less than the
above-described target signal, and power=0 dB. This signal
is a non-target signal, i.e., an image frequency signal.

[0163] FIG. 2 illustrates a spectrum of the complex signal
S11B observed in the output terminals Orpl and OrpQ. In
FIG. 2, the dashed line denotes frequency characteristics of
the complex-coefficient transversal filter 115. As illustrated
in FIG. 2, the above-described target signal (S1-1 and S1-2)
and an image frequency signal (S2) are in a pass band of the
complex-coefficient transversal filter 115. An image fre-
quency signal (S4) and a target signal (S3-1 and S3-2),
present in a negative frequency band, are out of a pass band
of the complex-coefficient transversal filter 115. The image
frequency signal (S4) is a signal in which 39 dB is rejected,
as compared with the image frequency signal (S2) present in
a positive frequency band.

C. Operation of Half-Complex Mixer in Downconverter of
Low-IF Scheme

[0164] Referring to FIG. 1, a detailed operation of the
half-complex mixer 118 of the downconverter 1 will be
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described. First, it is assumed that a signal obtained by
amplifying an RF signal corresponding to a real signal in the
LNA 111 is As, (1), a complex RF signal S11B output from
the complex-coefficient transversal filter 115 is A(s,4(t)+
18,45(1)), and an amplitude error between a real part and an
imaginary part of the complex RF signal is A,. It is assumed
that a complex IF signal S11C output from the half-complex
mixer 118 is s,(t) and a real local signal input from the local
oscillator 181 is L_(t). In this case, s,{t) is expressed by
Equation (22). A frequency conversion operation the reverse
ofa target frequency conversion operation, is performed due
to an amplitude error of the complex RF signal.

5ip(0) = Lo(O((A + A)s (D) + J(A = Addsig (1)
= Lo(O(ACsy(0) + J5,,(0) + Aclsy(0) = Js,, ()

Equation (22)

[0165] Here, s,(t) can be rewritten as shown in Equation
(23) because a local signal corresponding to a real signal is
a combination of complex signals L,;(t) and L .(t) corre-
sponding to complex conjugates.

(Lot 0+ JLog(0) + (Log(D) = Ly (0)
2
(AG (D) + J5 750 + A el (0) = 5, (0)

Equation (23)

sif(t,) =

1
= SAGHD) + 5, O Los0) + L 1) +

1
(Loi(t) = L) + 5 Aclsia0) = Js gy (1) +
(Lot (D) + JLog ) + (Loi() = JLog ()

[0166] As shown in Equation (23), a real local signal
undergoes a frequency conversion operation in a plus direc-
tion due to a non-error component of a complex RF signal
and undergoes a frequency conversion operation in a minus
direction due to an error component of the complex RF
signal.

[0167] When the BPFs 121 and 122 reject other terms
except the terms of the down-conversion operation (corre-
sponding to a conversion operation to a frequency close to
zero frequency), Equation (24) is produced.

1 . . Equation (24)
(0 = 5 A0 + 5,5y ONLor D) = gD +

1
3 A D) = sy (DD Lok ) + JLg (1)

[0168] As shown in Equation (24), the first term indicates
that a positive frequency of an RF signal is frequency-
shifted in the minus direction according to a local signal, and
the second term indicates that a negative frequency, which
occurred due to an error of the RF signal, is frequency-
shifted in the plus direction according to the local signal.

[0169] In this case, a negative frequency of an associated
signal is frequency-shifted in the plus direction when a low
frequency signal is present which corresponds to a value of
twice an IF rather than the frequency of a target RF signal.
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The shifted frequency corresponds to the frequency of the
target signal to be converted to the IF, and image frequency
interference occurs.

[0170] When the reduction of an image rejection ratio due
to a phase error ¢, is considered, an image rejection ratio
IMR _ can be computed as shown in Equation (25).

Equation (25)

T4+ (1+A)? +2(1 + A,)cosg,
IMR,,;,, = 20log; L,
1+ (1+A)? =21 + A,)cosg,

[0171] Assuming that an error of the mixers 182 and 183
is absent in the present invention, the image rejection ratio
corresponds to that of a negative frequency of the complex-
coeflicient transversal filter 115 in the RF signal.

[0172] There will be described an example in which fixed
frequency values are applied to outputs from the mixer-1 814
and the mixer-Q 815 of the half-complex mixer 810 of the
conventional downconverter 9 illustrated in FIG. 21 and
fixed frequency values are applied to outputs from the
mixer-I 182 and the mixer-Q 183 of the half-complex mixer
118 of the inventive downconverter 1. Moreover, there will
be described a difference between the conventional down-
converter 9 and the inventive downconverter 1 of FIG. 1. In
this example, it is assumed that the half-complex mixers 810
and 118 are ideal mixers.

[0173] When a real local signal of 795 MHz close to an RF
signal frequency is input as a real local signal input from the
local oscillator 181 in the inventive downconverter 1, it is
down-converted. In FIG. 2, a target signal (S1-1 and S1-2)
present in a positive frequency band is frequency-shifted to
about 5 MHz (as indicated by S5-1 and S5-2). An image
frequency signal (S4 of FIG. 3) of a negative frequency
band in which 39 dB is rejected in the complex-coefficient
transversal filter 115 is frequency-shifted to 5 MHz (as
indicated by S6). On the other hand, an image frequency
signal present in a negative frequency band in the conven-
tional downconverter 9 is a signal in which 26 dB is rejected
as illustrated in FIG. 22.

[0174] Both the complex-coefficient transversal filter 115
of the inventive downconverter 1 and the BPF 812 of the
conventional downconverter 9 can obtain output signals
with a phase difference of 90 degrees. However, a phase
shifter configured by a polyphase filter and applied to the
BPF 812 has a large variation in output due to manufacturing
variation. In this case, because a worst value does not
provide good rejection characteristics, a mean value of about
26 dB is illustrated in FIG. 22. On the other hand, the
complex-coefficient transversal filter 115 can obtain a value
of 39 dB because the variation due to manufacturing varia-
tion is reduced and a difference between the worst value and
the mean value is small, for example, when a Surface
Acoustic Wave (SAW) filter to be described below is
applied.

D. Principle of Complex-Coefficient SAW Filter

[0175] Next, a complex-coefficient SAW filter serving as
means for implementing the complex-coefficient transversal
filter 115 will be described. Conventionally, the transversal
filter can be implemented by a switched capacitor circuit or
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a charge-coupled device as well as the SAW filter. The SAW
filter is suitable to implement the transversal filter with a

high frequency. Next, a basic principle of a transversal SAW
filter will be described.

[0176] FIG. 6 illustrates a structure of the SAW filter. A
SAW filter 1150 is configured by a piezoelectric substrate
1151 and comb shaped electrodes (hereinafter, referred to as
Inter-Digital Transducers (IDTs)) 1152 to 1155 in which an
intersection width is different according to a position on the
piezoelectric substrate 1151. Comb shaped parts are also
referred to as electrode fingers. When the IDTs 1152 and
1154 connected to an input terminal receive an impulse
electric signal, they are mechanically distorted and SAWs
are excited and propagated in the left and right directions of
the piezoelectric substrate 1151. The IDT 1153 is connected
to an output terminal I for outputting a real axis component
and is located in a position capable of receiving the SAW
from the IDT 1152. The IDT 1155 is connected to an output
terminal Q for outputting an imaginary axis component and
is located in a position capable of receiving the SAW from
the IDT 1154.

[0177] Next, the principle of the SAW filter 1150 will be
described. When an impulse electric signal is applied, an
impulse response of a SAW signal output as the SAW is
produced on the basis of a weight function (or intersection
width) W, in each electrode finger, a distance x; from each
electrode finger, and a phase velocity v of the SAW. A
frequency transfer function H(w) of the impulse response is
expressed by Equation (26).

[0178] Equation (26) represents a linear combination of
the weight function W, and is based on the basic principle of
the transversal filter.

H(w) = an WieXp(— iji) Equation (26)

v
i=0

[0179] The transversal filter with an associated frequency
transfer function H(w) can control amplitude characteristics
and phase characteristics through a design of W, and x;. The
complex-coeflicient transversal filter with desired character-
istics can be implemented by designing W, and x; of the
transversal SAW filter. To perform a weighting operation
mapped to an impulse response of a real part, (i.e., an
even-symmetric impulse response), the IDT 1153, con-
nected to the output terminal I for outputting a real axis
component, is provided with an electrode finger such that
even symmetry is made with respect to the envelope center.
To perform a weighting operation mapped to an impulse
response of an imaginary part, (i.e., an odd-symmetric
impulse response), the IDT 1155, connected to the output
terminal Q for outputting an imaginary axis component, is
provided with an electrode finger such that odd symmetry is
made with respect to the envelope center. According to this
structure, a real RF signal can be converted to a complex RF
signal with a phase difference of 90 degrees between the real
part and the imaginary part.

[0180] Next, the operation of the SAW filter 1150 will be
described. First, when a real RF signal is input to the input
terminal, SAWSs are excited in the IDTs 1152 and 1154 and
SAW signals are propagated. The SAW signals propagated
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from the IDTs 1152 and 1154 are received by the IDTs 1153
and 1155 provided in propagation directions of the SAW
signals. A convolution integral is performed on the basis of
impulse responses mapped to the SAW signals, such that
they are converted to electric signals. At this time, the IDT
1153 outputs a real component of the RF signal through the
output terminal I, and the IDT 1155 outputs an imaginary
component of the RF signal through the output terminal Q.
The resulting SAW filter can be obtained which can reject a
frequency out of the target signal frequency in a frequency
side of a target signal at a high rejection ratio while rejecting
a negative frequency.

[0181] The SAW filter can be implemented by the struc-
ture as illustrated in FIG. 7. The SAW filter 1156 of FIG. 7
is provided with an IDT 1157 of an input side placed across
both propagation paths of the IDTs 1153 and 1155. The SAW
filter 1156 of FIG. 7 is different from the SAW filter of FIG.
6 provided with the two IDTs 1152 and 1154 in an input side.
According to the structure of FIG. 7, one IDT can be
provided in the input side and the cost reduction can be
obtained.

E. Means for Rejecting Image Frequency Signal in Down-
converter of Low-IF Scheme

[0182] Next, means for rejecting a negative frequency
signal in an IF to reject an image frequency signal in the
present invention will be described. First, a relation between
a target signal of the IF and the image frequency signal will
be described.

[0183] When an IF signal amplitude is B and an amplitude
error between a real part and an imaginary part is B, an IF
signal s,(t) can be expressed by a complex signal using s;4(t)
and s (t) as shown in Equation (27).

ifq
® (Bsif (1) + Besip (D) + (stJﬁ](t) - JBsiz())  Equation (27)
Sip (1) =
2
B0+ s, 0) + Belsip (0 = s 0)
- 2

[0184] When an error is present in the real and imaginary
parts of the IF signal as shown in Equation (27), a signal
proportional to the error appears in a negative frequency
band. When this signal is replaced with a target signal and
an image frequency signal, a signal proportional to a fre-
quency error of the image frequency signal appears in the
target signal and a signal proportional to a frequency error
of the target signal appears in the image frequency signal.
Because an IF error is present, interference of the image
frequency signal occurs. Accordingly, the interference of the
image frequency signal can be reduced when the image
frequency signal is rejected.

[0185] In the downconverter 1 of FIG. 1, the IF is set to
a frequency of more than a half value of a difference
between a pass band frequency of the complex-coefficient
transversal filter 115 and an RF signal frequency, such that
the image frequency signal can be set as a signal out of a
pass band of the complex-coefficient transversal filter 115 of
the RF signal. The downconverter 1 not only can perform
image rejection on the basis of a complex RF signal, but also
can reject the interference of the image frequency signal
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using the effect of a filter for attenuating an input signal.
FIG. 15 illustrates an output spectrum of the half-complex
mixer 118 when the IF is set to 25 MHz in the downcon-
verter 1. In this case, a frequency of the image frequency
signal in which the interference occurs in a frequency band
of the RF signal is 750 MHz. Because the frequency of 750
MHz is out of a band of the complex-coefficient transversal
filter 115, 39 dB is rejected. Accordingly, requirement con-
ditions for a dynamic range after the half-complex mixer 118
are mitigated.

[0186] The image frequency signal serving as the inter-
ference to the target signal is generated through frequency
conversion in a plus direction of a negative frequency signal
output from the complex-coefficient transversal filter 115.
Because filter characteristics in a negative frequency band
are uniform, the interference of the image frequency signal
occurs as shown in FIG. 3.

F. Rejection of Image Frequency Signal Associated with IF
Signal Using Complex-Coefficient Filter

[0187] Next, the downconverter of the low-IF scheme for
rejecting an image frequency signal associated with an IF
signal using a complex-coeficient filter in the present inven-
tion will be described. FIG. 8 illustrates a second basic
structure of the downconverter of the low-IF scheme for
rejecting an image frequency signal using the complex-
coefficient filter. The components with the same functions
between the downconverter 2 of FIG. 8 and the downcon-
verter 1 of FIG. 1 are denoted by the same reference
numerals, and their description is omitted here.

[0188] The BPFs 121 and 122 of the baseband generator
12 of FIG. 1 are replaced with a complex-coefficient filter
120 in the downconverter 2 of FIG. 8. Because the complex-
coefficient filter 120 rejects the negative frequency, the
downconverter 2 is different from the downconverter 1 in
that the imbalance corrector 127 is not required.

[0189] In FIG. 8, the complex-coefficient filter 120 sets a
positive frequency to a pass band and can reject the negative
frequency. For example, the complex-coefficient filter 120
can be implemented using a polyphase filter or a complex-
coeflicient transversal filter 1120 as illustrated in FIG. 9.

[0190] Inthe polyphase filter, a predetermined range of the
negative frequency is set to a stop band, and frequency
characteristics of a frequency band, except the stop band,
become flat. The complex-coefficient transversal filter can
be provided with band pass characteristics in a complex
signal and can operate as a band limited filter.

[0191] Now, the complex-coeflicient transversal filter
1120 as illustrated in FIG. 9 will be described. The complex-
coeflicient transversal filter 1120 is provided with BPFs
1121 to 1124 in which a frequency band of the vicinity of a
target signal (i.e., the IF) is set to a pass band.

[0192] FIG. 10 illustrates an output spectrum of the com-
plex-coeflicient transversal filter 1120. In FIG. 10, the
dashed line represents frequency characteristics of the com-
plex-coeflicient transversal filter 1120 and has band pass
characteristics based on 5 MHz. For a positive frequency
component, a negative frequency component is rejected. The
interference of a signal of the negative frequency band can
be suppressed with respect to target signals (S10-1 and
S10-2 of FIG. 10) and an image frequency signal (S11 of
FIG. 10).
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[0193] FIGS. 11 and 12 illustrate impulse responses of a
real part and an imaginary part of the complex-coefficient
transversal filter 1120 at a sampling frequency of 150 MHz.
The complex-coefficient transversal filter 1120 is designed,
for example, by the same frequency shift method as that of
the complex-coefficient transversal filter 115. According to
this design, the impulse response of the real part as illus-
trated in FIG. 11 becomes an even-symmetric impulse
response and the impulse response of the imaginary part as
illustrated in FIG. 12 becomes an odd-symmetric impulse
response. In FIGS. 11 and 12, the vertical axis represents a
normalized value.

G. Rejection of Image Frequency Signal Associated with IF
Signal Using Complex-Coefficient SAW Filter

[0194] Next, there will be described means for implement-
ing a complex-coefficient filter for rejecting a negative
frequency component of an IF signal using a complex-
coefficient SAW filter.

[0195] FIG. 13 illustrates a third basic structure of the
downconverter provided with the complex-coefficient SAW
filter for rejecting a negative frequency component of an IF
signal. The components with the same functions between the
downconverter 3 of FIG. 13 and the downconverter 2 of
FIG. 8 are denoted by the same reference numerals, and
their description is omitted here.

[0196] The downconverter 3 of FIG. 13 has a different
structure in that the complex-coefficient filter 120 in the
downconverter 2 of FIG. 8 is replaced with a complex-
coeflicient SAW filter 140. Moreover, the downconverter 3
of FIG. 13 has a different structure in that a subtractor 141
is provided to subtract an imaginary output from a real
output of the complex-coefficient SAW filter 140 and there-
fore the AGC amplifier 124 and the ADC 126 are removed.
Moreover, the downconverter 3 of FIG. 13 has a different
structure in that the full-complex mixer 129 is replaced with
a half-complex mixer 190.

[0197] The complex-coefficient SAW filter 140 has a
structure as illustrated in FIG. 14. The complex-coefficient
SAW filter 140 illustrated in FIG. 14 is provided with IDTs
1142 to 1145 on a piezoelectric substrate 1141. The IDT
1142 is connected to an input terminal I of a real part, and
the IDT 1144 is connected to an input terminal Q of an
imaginary part. The IDT 1143 is connected to an output
terminal I of the real part, and the IDT 1145 is connected to
an output terminal Q of the imaginary part. To perform a
weighting operation mapped to an impulse response of the
real part (i.e., an even-symmetric impulse response), the IDT
1143, connected to the output terminal I for outputting a real
axis component, is provided with an electrode finger such
that even symmetry is made with respect to the envelope
center. To perform a weighting operation mapped to an
impulse response of the imaginary part (i.e., an odd-sym-
metric impulse response), the IDT 1145, connected to the
output terminal Q for outputting an imaginary axis compo-
nent, is provided with an electrode finger such that odd
symmetry is made with respect to the envelope center.
According to this structure, a complex IF signal with a phase
difference of 90 degrees between the real part and the
imaginary part can be output.

[0198] Next, the operation of the SAW filter 140 will be
described. First, when a real RF signal is input to the input

Nov. 16, 2006

terminals, SAWSs are excited in the IDTs 1142 and 1144 and
SAW signals are propagated. The SAW signals propagated
from the IDTs 1142 and 1144 are received by the IDTs 1143
and 1145 provided in propagation directions of the SAW
signals. A convolution integral is performed on the basis of
impulse responses mapped to the SAW signals, such that
they are converted to electric signals. In this case, the IDT
1143 outputs a real component of the RF signal through the
output terminal I, and the IDT 1145 outputs an imaginary
component of the RF signal through the output terminal Q.

[0199] When the complex-coeflicient filter is implemented
using the complex-coefficient SAW filter 140, for example,
the IF becomes at least 40 MHz, such that the IF becomes
high. A filter can be obtained which can reject a frequency
out of the target signal frequency in a frequency side of a
target signal at a high rejection ratio while also rejecting a
negative frequency.

[0200] A weighting operation is performed for the IDTs
1143 and 1145 of an output side in the complex-coefficient
SAW filter 140. A weighting operation may be performed for
an input side in a structure in which the input side is
connected to the IDTs 1143 and 1145 and the output side is
connected to the IDTs 1142 and 1144, and the same effect
can be obtained.

[0201] An output stage of the complex-coefficient SAW
filter 140 of FIG. 13 is provided with a subtractor 141.
According to this structure, any one of the real and imagi-
nary parts can be extracted and output. Because only one
AGC amplifier 123 and one ADC 125 are required, power
consumption reduction and miniaturization are possible.

[0202] The structure of FIG. 13 inverts an output of the
imaginary part of the complex-coefficient SAW filter 140.
The subtractor 141 does not subtract the imaginary part from
the real part, but adds the imaginary part to the real part.
Characteristics of the complex-coeflicient SAW filter 140
are complex conjugates. The complex-coefficient SAW filter
140 can obtain band pass characteristics in which a positive
frequency signal is rejected and a negative frequency is in a
pass band.

[0203] A structure for suppressing a negative frequency
band in the complex-coefficient filter used in the downcon-
verter of the low-IF scheme has been described. Alterna-
tively, the complex-coefficient filter may have a structure for
suppressing a positive frequency band and performing a
process on the basis of a signal of an extracted negative
frequency component.

H. Principle of Upconverter of Low-IF Scheme

[0204] Next, the principle for rejecting an image fre-
quency signal in an upconverter of the low-IF scheme in the
present invention will be described with reference to an
example of a basic structure of the upconverter based on the
low-IF scheme in the present invention. FIG. 23 illustrates
an upconverter 30 serving as an example of a first structure
of the upconverter of the low-IF scheme in the present
invention. For example, the upconverter 30 is a radio
transmitter. The upconverter 30 converts digital signals
received from input terminals TI and TQ with real and
imaginary parts to analog baseband signals, frequency-
converts the analog baseband signals to an IF, and generates
a complex IF signal. Moreover, the upconverter 30 fre-
quency-converts the generated complex IF signal to an RF
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signal frequency, extracts only a real part of the complex RF
signal, and outputs the real RF signal to an output terminal
TRF connected to an antenna or so on.

[0205] In the upconverter 30, Digital-to-Analog Convert-
ers (DACs) 301 and 302 convert digital signals input from
TI and TQ to analog baseband signals. Low Pass Filters
(LPFs) 303 and 304 remove high frequency components of
a complex signal S30ATI and S30AQ output from the DACs
301 and 302 and then output a complex signal S30BI and
S30BQ.

[0206] A full-complex mixer 310 is used for frequency
conversion to an IF signal, and is configured by a mixer-11
311, a mixer-1Q 312, a mixer-QI 314, and a mixer-QQ 315
serving as multipliers, a subtractor 313, and an adder 316.
The full-complex mixer 310 receives a real axis local cos
signal from a local oscillator 305 through an input terminal
IemC and receives an imaginary axis local sin signal from
the local oscillator 305 through an input terminal IemS. The
full-complex mixer 310 frequency-converts a complex sig-
nal S30B input from the input terminals Ieml and IemQ to
an IF signal, and then outputs a complex signal S30C from
output terminals Ocml and OcmQ.

[0207] Here, an IF of the upconverter of the low-IF
scheme is a frequency of a local signal output from the local
oscillator 305. The frequency of an associated local signal
has a frequency value when a frequency value correspond-
ing to a difference between the center frequency of an RF
signal and the frequency of the associated local signal is out
of a channel frequency band of the RF signal.

[0208] BPFs 320 and 321 band-limit a real axis compo-
nent S30CI and an imaginary axis component S30CQ of the
complex signal S30C to a frequency band of a predeter-
mined range based on the IF, and output a complex signal
S30D corresponding to a target signal component.

[0209] A half-complex mixer 330 is configured by a
mixer-I 331 and a mixer-Q 332 serving as multipliers. A
local oscillator 325 inputs a real local signal that is a
complex IF signal frequency less or more than a target RF
signal frequency in a real signal of sin or cos to an input
terminal Thm of the half-complex mixer 330. When an RF
signal frequency is wgy and an IF signal frequency is wg, a
local signal frequency is w; o=wgpxw;s. The half-complex
mixer 330 multiplies a complex signal S30D input from
input terminals ThmI and ThmQ and the real local signal and
then outputs a complex signal S30E. The complex signal
S30E has the RF signal frequency.

[0210] Here, a center frequency of the complex IF signal
S30D input to the half-complex mixer 330 is the above-
described IF. A frequency value obtained by adding the IF to
the center frequency of the RF signal is a frequency value
(corresponding to a predetermined frequency of an upcon-
verter mentioned in the claims) out of an RF signal fre-
quency band.

[0211] A complex-coefficient transversal filter 340 is used
to reject a negative frequency component and is configured
by a BPF-I 340a, a BPF-Q 3405, and a subtractor 341.

[0212] Next, the overall operation of the above-described
upconverter 30 will be described. The DAC 301 converts a
real component of digital signals input from the input
terminals T1 and TQ to an analog signal S30AI. The DAC
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302 converts an imaginary component of the digital signals
input from the input terminals TT and TQ to an analog signal
S30AQ. As a result, a complex signal S30A is generated.
The LPFs 303 and 304 remove a high frequency component
from the complex signal S30A and then output a complex
signal S30B.

[0213] The full-complex mixer 310 frequency-converts a
real axis component S30BI and an imaginary axis compo-
nent S30BQ of the complex signal S30B to an IF according
to a real axis local signal cos and an imaginary axis signal
sin of a complex local signal output from the local oscillator
305. The full-complex mixer 310 outputs a complex signal
S30C to the BPFs 320 and 321. The BPFs 320 and 321
band-limit the complex signal S30C to a frequency band of
a predetermined range based on the IF, and output a complex
signal S30D to the half-complex mixer 330.

[0214] The half-complex mixer 330 frequency-converts
the complex signal S30D on the basis of a real local signal
cos or sin input from the local oscillator 325, and then
outputs a complex signal S30E with an RF signal frequency
to the complex-coefficient transversal filter 340.

[0215] The complex-coefficient transversal filter 340
rejects an image frequency signal of a real axis component
S30EI of the complex signal S30E input from the BPF-I
340aq through an input terminal IrpI of the real axis compo-
nent, and rejects an image frequency signal of an imaginary
axis component S30EQ of the complex signal S30E input
from the BPF-Q 3405 through an input terminal IrpQ of the
imaginary axis component. A phase difference of 90 degrees
is present between the real component output from the
BPF-I 340a and the imaginary component output from the
BPF-Q 34056. The subtractor 341 subtracts the imaginary
component from the real component, extracts a real RF
signal, and outputs the extracted signal to TRF.

1. Operation of Half-Complex Mixer in Upconverter of
Low-IF Scheme

[0216] Next, a detailed operation of the half-complex
mixer 330 of the upconverter 30 will be described. First, it
is assumed that an RF signal is s,{t), a complex IF signal
S30D input to the half-complex mixer 330 is an ideal
complex signal expressed by s;4(t)+js;s, (1), and a real local
signal input from the local oscillator 352 is L_(t). In this
case, s(t) is expressed by Equation (28).
S {D=(s:6(O+/5:5 (D)L (D)
Here, s (t) can be rewritten as shown in Equation (29)
because a local signal corresponding to a real signal is a

combination of complex signals L(t) and L, (t) corre-
sponding to complex conjugates.

Equation (28)

Sy (D) = (sip(0) + js‘.fq(t)) Equation (29)

(Loi(0) + Loy (D) + (Loi (1) = L,y (1))
2

1
= S(55r(0) + gy OV Lar (D) + g0 +

1
5 i) + sy () Log 0) = J Ly (1)

[0217] As shown in Equation (29), a target frequency
conversion process is performed according to a positive
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signal component of the local signal and a reverse frequency
conversion process is performed according to a negative
signal component of the local signal.

[0218] When only a real part of the complex signal s (1)
is extracted, Equation (30) is produced.

, 1 X X Equation (30)
sl = Re(zmﬁ(z) + sy O Loi(0) + fLog(0) +

1
5 50 + sy (O Lok D) = Ly (r))]
1

= 5 (S0 Loi () = sigs (D Log1) +

1
z(siﬁ([)Loi([) +5ifg (D Log (1))

[0219] As shown in Equation (30), the first term indicates
a signal for which a frequency conversion process is per-
formed in a plus direction according to a positive component
of the local signal, and the second term indicates a complex
conjugate signal of a signal for which a frequency conver-
sion process is performed in a minus direction according to
a negative component of the local signal.

[0220] Because the second term is the image frequency
signal, the complex-coefficient transversal filter 340 rejects
the image frequency signal in a state of a complex signal
before a real part is extracted.

J. Complex-Coefficient Transversal Filter in Upconverter of
Low-IF Scheme

[0221] Next, a design method and detailed operation of the
complex-coefficient transversal filter 340 in the upconverter
30 will be described.

[0222] The complex-coefficient transversal filter 340 is
configured by a BPF-1 3404 for processing a real axis signal,
a BPF-Q 3405 for processing an imaginary axis signal, and
a subtractor 341 for subtracting the imaginary axis signal
from a real axis signal to output a real signal. The BPF-I
340aq performs a convolution integral with an even-symmet-
ric impulse and the BPF-Q 3405 performs a convolution
integral with an odd-symmetric impulse. The complex-
coeflicient transversal filter 340 outputs signals of the two
band pass filters with a phase difference of 90 degrees.

[0223] The complex-coefficient transversal filter 340 is
designed, for example, using a frequency shift method. That
is, a real-coefficient LPF of a predetermined pass bandwidth
Bw/2 and a stop-band attenuation amount ATT is designed
and a coefficient of the real-coefficient LPF is multiplied by
e such that a filter of a center frequency w, a pass
bandwidth Bw, and the stop-band attenuation amount ATT
can be obtained. Here, the complex-coefficient transversal
filter 340 is designed in which a center frequency w=800
MHz, a stop-band attenuation amount ATT=39 dB, and a
sampling frequency=2.4 GHz.

[0224] FIG. 26 illustrates an impulse response of a real
part of the complex-coefficient transversal filter 340. The
impulse response of the real part is an even-symmetric
impulse response. FIG. 27 illustrates an impulse response of
an imaginary part of the complex-coefficient transversal
filter 340. The impulse response of the imaginary part is an
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odd-symmetric impulse response. In FIGS. 26 and 27, the
vertical axis represents a normalized value.

[0225] Next, the operation of the complex-coefficient
transversal filter 340 will be described. As described above,
the complex-coefficient transversal filter 340 rejects image
frequency interference of a complex signal input from the
input terminal Irpl of the real axis component and the input
terminal IrpQ and then extracts an RF signal of only the real
component.

[0226] Here, it is assumed that the complex IF signal of
FIG. 33 is input to the half-complex mixer 330 of the
upconverter 30 for explanation of the operation of the
complex-coeflicient transversal filter 340. The complex IF
signal with the spectrum of FIG. 33 is a signal (S35)
obtained by performing a frequency conversion based on the
center frequency of 5 MHz for a DSB signal of a carrier
interval 1.6 MHz of a complex baseband in the full-complex
mixer 310.

[0227] The full-complex mixer 330 multiplies the input
complex IF signal (S35 of FIG. 33) and a frequency signal
of' 795 MHz close to an RF signal frequency input from the
local oscillator 325, and performs up-conversion to an RF
signal frequency of 800 MHz corresponding to a target
frequency. FIG. 24 illustrates the up-converted RF fre-
quency signal (S30); For a complex conjugate signal of a
real local signal, a complex IF signal of 5 MHz is multiplied
by a signal of =795 MHz. An image frequency signal (S31
of FIG. 24) having the same level as that of an RF signal at
a frequency of 800 MHz is output at a frequency of =790
MHz.

[0228] The dashed line illustrated in FIG. 24 denotes
frequency characteristics of the complex-coefficient trans-
versal filter 340. An image frequency signal output from the
half-complex mixer 330 is a signal in which 39 dB is
rejected with respect to the RF signal. FIG. 25 illustrates a
real signal finally output from the complex-coefficient trans-
versal filter 340. An RF signal (S32 of FIG. 25) in which an
image frequency signal of -39 dBc (S33 of FIG. 25) is
rejected can be obtained.

[0229] 1In the above-described prior art upconverter 35,
only an image frequency signal (S37 of FIG. 34) of -26 dBc
at an image frequency (790 MHz) is rejected with respect to
a target signal (800 MHz: S36). The upconverter 30 of the
present invention can reduce interference due to an image
frequency signal.

[0230] The upconverter of the low-IF scheme of the
present invention may use a switched capacitor circuit, a
charge-coupled device, or a SAW filter described with
reference to the downconverter of the low-IF scheme as
means for implementing the complex-coefficient transversal
filter 340. Specifically, the SAW filter is suitable to imple-
ment the transversal filter with a high frequency.

[0231] A structure for suppressing a negative frequency
band in the complex-coefficient filter used in the upconverter
of the low-IF scheme has been described. Alternatively, the
complex-coeflicient filter may have a structure for suppress-
ing a positive frequency band and performing a process on
the basis of a signal of an extracted negative frequency
component.
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K. Principle of Downconverter of Zero-IF Scheme

[0232] Next, the principle of a downconverter of a zero-IF
scheme in the present invention will be described with
reference to an example of a basic structure of the down-
converter based on the zero-IF scheme in the present inven-
tion. FIG. 35 illustrates a downconverter 40 serving as an
example of a first structure of the upconverter of the zero-IF
scheme in the present invention. For example, the down-
converter 40 may be a radio receiver. The downconverter 40
converts an RF signal input from an input terminal TRF
connected to an antenna to generate a complex RF signal,
extracts a complex baseband signal from an associated
complex RF signal according to a real local signal at the
same frequency as an RF signal frequency output from a
local oscillator, and outputs the complex baseband signal to
a demodulator. In FIG. 35, the structure of the downcon-
verter 40 is divided into an IF generator 51 and a baseband
generator 52 such that it can be compared with a downcon-
verter of a quasi-zero-IF scheme to be described below.

[0233] In the downconverter 40, a complex-coefficient
filter 513 uses, for example, a complex-coefficient transver-
sal filter. The complex-coefficient filter 513 rejects a nega-
tive frequency component of signals input from input ter-
minals Irpl and IrpQ and outputs complex signal
components with a phase difference of 90 degrees from
output terminals Orpl and OrpQ.

[0234] A half-complex mixer 517 is used to frequency-
convert an RF signal to a complex baseband signal, and is
configured by a mixer-I 518 and a mixer-Q 519, serving as
multipliers. A local oscillator 501 inputs a real local signal
of'the same frequency as that of the RF signal in a real signal
of cos or sin to an input terminal Thm of the half-complex
mixer 517. The half-complex mixer 517 multiplies the real
local signal and a complex RF signal S41B input from input
terminals Thml and ThmQ), performs frequency conversion to
a complex baseband signal whose center frequency is fre-
quency zero, and outputs a complex signal S41C.

[0235] LPFs521 and 522 band-limit a real axis component
S41CI and an imaginary axis component S41Q of the input
complex baseband signal S41C to a frequency band of a
predetermined range based on frequency zero, and output a
complex baseband signal S42A serving as a target signal.

[0236] AGC amplifiers 523 and 524 control a gain accord-
ing to a voltage applied to an input terminal TAGC. ADCs
525 and 526 convert the analog complex-baseband signal to
a digital signal.

[0237] Next, the overall operation of the downconverter
40 of the zero-IF scheme will be described. An LNA 511
amplifies an RF signal of a real signal input from an antenna
to the input terminal TRF and then outputs a real signal
S41A. The complex-coefficient filter 513, to which an asso-
ciated signal is input, rejects an image frequency signal for
the real signal S11A input from the input terminals Irpl and
IrpQ. The complex-coefficient filter 513 outputs a real axis
component S41BI and an imaginary axis component S41BQ
of the complex signal S41B with a phase difference of 90
degrees from output terminals Orpl and OrpQ to the half-
complex mixer 517. The half-complex mixer 517 frequency-
converts the complex signal S41B on the basis of a real local
signal of cos or sin input from the local oscillator 501, and
then outputs a generated complex baseband signal S41C to
the LPFs 512 and 522.
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[0238] The LPFs 521 and 522 band-limit the complex
baseband signal S41C to a predetermined range based on
frequency zero, and output a complex baseband signal S42A
to the AGC amplifiers 523 and 524. The AGC amplifiers 523
and 524 adjust amplitudes of a real axis component S42A1
and an imaginary axis component S42AQ of the complex
baseband signal S42A to levels suitable for inputs to the
ADCs 525 and 526. The AGC amplifiers 523 and 524 output
a complex signal S42B to the ADCs 525 and 526. The ADCs
525 and 526 convert an input signal to a digital signal and
then output a complex baseband signal S42C to LPFs 527
and 528.

[0239] The LPFs 527 and 528 remove a high frequency
component of a real axis component S42CI and an imagi-
nary axis component S42CQ of the complex baseband signal
S42C, and output a real axis component [ and an imaginary
axis component Q of the complex baseband signal to output
terminals TOI and TOQ, respectively.

[0240] FIG. 36 illustrates a mixing process in the down-
converter 40 illustrated in FIG. 35. The complex-coeflicient
filter 513 rejects a negative frequency component of a real
RF signal s, (1) and then outputs a complex RF signal S, (t).
The half-complex mixer 517 multiplies (or half-complex
mixes) the complex RF signal and a real local signal L,(t)
with the same frequency as a frequency f, of an RF signal
output from the local oscillator 501, performs the frequency
conversion of the RF signal frequency f., and outputs a
complex baseband signal (S;,(D)L;,(D)+S;,(DL,,(1)). Accord-
ing to an associated process, the complex-coefficient filter
513 rejects a negative frequency of a real RF signal before
frequency conversion, such that interference of a negative
frequency component of the real RF signal can be removed.

[0241] Areal RF signal, a complex local signal, a complex
RF signal, and a complex baseband signal in a process as
illustrated in FIG. 35 are expressed by Equations (31),

saD) + jsg (D) 850 = js,(0) Equation (31)
7 T
=55 (0) + 54 (D)

S0 =

Li(0) = Liy(0) + Ly (0) Equation (32)

50 =5(0) Equation (33)

Spb (1) = Sip(D)Lim (1) + 545 (1) Lip (1) Equation (34)

L. Principle of Downconverter of Quasi-Zero-IF Scheme

[0242] Next, the principle for employing a mixer of a real
local signal input of a zero-IF scheme in a downconverter of
a quasi-zero-IF scheme will be described. The quasi-zero-IF
scheme can be employed for a digital tuner, digital receiver,
software radio device, and similar devices.

[0243] As described above, the integrity of an analog
circuit for frequency-converting an RF signal is required to
implement the zero-IF scheme. To provide the integrity, a
Phase Locked Loop (PLL) circuit is required which can
perform tuning in a fine frequency step. When a fast reply as
well as the tuning in the fine frequency step is required, an
expensive fractional-N PLL circuit is necessary. Accord-
ingly, an associated fractional-N PLL circuit is applied in a
conventional radio receiver.
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[0244] However, the use of the expensive fractional-N
PLL circuit is not cost-effective because the tuning in the
fine frequency step is possible in the digital tuner, digital
receiver, software radio device, and similar devices. The use
of a circuit such as an associated fractional-N PLL circuit is
not efficient in terms of size constraints. The digital tuner,
digital receiver, software radio device, and similar devices
require a simple and compact structure.

[0245] That is, the quasi-zero-IF scheme uses an integer-N
PLL circuit capable of satisfying cost and size-related
requirements, rather than the fractional-N PLL circuit in an
analog circuit used in the zero-IF scheme. When the inte-
ger-N PLL circuit is used, an IF signal (or quasi-baseband
signal) in which an offset is present with respect to fre-
quency zero is output, but the quasi-zero-IF scheme can
remove the offset from the IF signal in a digital processor
and can obtain a baseband signal in which target frequency
zero becomes the center frequency.

[0246] A difference between the low-IF scheme and the
quasi-zero-IF scheme is as follows. The quasi-zero-IF
scheme aims to perform conversion to frequency zero
through frequency conversion based on a coarse frequency
step in an analog circuit and frequency conversion based on
a fine frequency step in a digital circuit. In the quasi-zero-IF
scheme, an IF has a frequency value in a channel signal band
of an RF signal. However in the low-IF scheme, an IF has
a frequency value out of a channel signal band, such that the
channel signal band does not overlap with an image fre-
quency band.

[0247] FIG. 37 illustrates a downconverter 41 correspond-
ing to an example of a basic structure of the downconverter
based on the quasi-zero-IF scheme in the present invention.
For example, the downconverter 41 is a radio receiver. The
downconverter 41 includes an IF generator 53 for perform-
ing frequency conversion based on coarse precision for an
RF signal and generates an IF signal, and a baseband
generator 54 for extracting a baseband signal according to
frequency conversion based on fine precision. For example,
the IF generator 53 converts an RF signal, input from an
input terminal TRF connected to an antenna, to a complex
RF signal. Moreover, the IF generator 53 frequency-con-
verts an associated complex signal according to a real local
signal of a frequency separated by a frequency value of an
RF signal band in a frequency value separated by a prede-
termined frequency from frequency zero output by the local
oscillator. According to the frequency conversion, a complex
signal frequency is converted to a complex IF signal sepa-
rated by a value of a frequency (hereinafter, referred to as an
offset frequency), corresponding to a difference between the
RF signal frequency and the IF, from frequency zero. The
baseband generator 54 converts an IF signal output from the
IF generator 53 to a real axis component I and an imaginary
axis component Q of a baseband signal, extracts the base-
band signal, and outputs the extracted baseband signal to a
demodulator.

[0248] In the frequency value separated by the predeter-
mined frequency from the frequency zero, a frequency value
of'an RF signal band (i.e., an IF) is a frequency (correspond-
ing to a predetermined frequency of a downconverter)
separated by an offset frequency from the center frequency
of the RF signal within a channel signal band of the RF
signal.
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[0249] The IF generator 53 is configured by an LNA 511,
a complex-coefficient filter 513, a local oscillator 502 for
outputting a real local signal, and a half-complex mixer 517.
Except for a frequency output from the local oscillator, the
IF generator 53 has the same function and connection
structure as the IF generator 51 of the downconverter 40 of
the zero-IF scheme illustrated in FIG. 35.

[0250] The baseband generator 54 is connected to the IF
generator 53 through terminals TT and TQ, and is configured
by a complex-coefficient filter 520, AGC amplifiers 523 and
524, ADCs 525 and 526, a local oscillator 540, a full-
complex mixer 530, and LPFs 527 and 528.

[0251] In the downconverter 41, the complex-coefficient
filter 513 employs, for example, a complex-coefficient trans-
versal filter. The complex-coefficient filter 513 rejects a
negative frequency component from signals input from input
terminal Irpl and IrpQ, and outputs components of a com-
plex signal with a phase difference of 90 degrees from output
terminals Orpl and OrpQ.

[0252] The half-complex mixer 517 is used to frequency-
convert an RF signal to a frequency separated by an offset
frequency from frequency zero, and is configured by a
mixer-I 518 and a mixer-Q 519 serving as multipliers. The
local oscillator 502 inputs a real local signal of a frequency
separated by an offset frequency from the center frequency
of an RF signal within an RF signal band in a real signal of
cos or sin to an input terminal Thm of the half-complex mixer
517. The half-complex mixer 517 multiplies the real local
signal and a complex RF signal S41B input from input
terminals Thml and ThmQ), performs frequency conversion to
a complex IF signal separated by an offset frequency from
frequency zero, and outputs a complex signal S41D.

[0253] The complex-coefficient filter 520 band-limits a
real axis component S41DI and an imaginary axis compo-
nent S41DQ of the input complex IF signal S41D to a
frequency band of a predetermined range based on fre-
quency zero, and outputs a complex IF signal S43A. The
process for band-limiting the complex IF signal to the
frequency band of the predetermined range based on fre-
quency zero has the same performance as a real-coeflicient
filter.

[0254] The AGC amplifiers 523 and 524 control a gain
according to a voltage applied to an input terminal TAGC.
The ADCs 525 and 526 convert an analog signal to a digital
signal.

[0255] The full-complex mixer 530 is used for a frequency
conversion process in which an offset frequency value
included in the complex IF signal is set to frequency zero,
and is configured by a mixer-II 531, a mixer-1IQ 532, a
mixer-QI 534, and a mixer-QQ 535 serving as multipliers, a
subtractor 533, and an adder 536. The full-complex mixer
530 receives a real axis local cos signal from the local
oscillator 540 through an input terminal Icmc and receives
an imaginary axis local sin signal from the local oscillator
540 through an input terminal Icms. The full-complex mixer
530 performs a frequency conversion process in which the
center frequency is set to frequency zero for a complex
signal S43C input from the input terminals Ieml and IemQ,
and then outputs a complex IF signal S43D.

[0256] Next, the overall operation of the downconverter
41 of the quasi-zero-IF scheme will be described. An LNA
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511 amplifies an RF signal of a real signal input from an
antenna to the input terminal TRF and then outputs a real
signal S41A. The complex-coefficient filter 513, to which
the 514 A signal is input, rejects an image frequency signal
for the real signal S41A input from the input terminals Irpl
and IrpQ. The complex-coefficient filter 513 outputs a real
axis component S41BI and an imaginary axis component
S41BQ of a complex signal S41B with a phase difference of
90 degrees from the output terminals Orpl and OrpQ to the
half-complex mixer 517. The half-complex mixer 517 fre-
quency-converts the complex signal S41B on the basis of a
real local signal of cos or sin with a frequency separated by
an offset frequency from the center frequency of an RF
signal input from the local oscillator 502, and then outputs
a generated complex IF signal S41D to the complex-coef-
ficient filter 520.

[0257] The complex-coefficient filter 520 band-limits a
real axis component S41DI and an imaginary axis compo-
nent S41DQ of the complex IF signal S41D to a frequency
band of a predetermined range based on frequency zero, and
outputs a complex IF signal S43A to the AGC amplifiers 523
and 524. The AGC amplifiers 523 and 524 adjust amplitudes
of a real axis component S43Al and an imaginary axis
component S43AQ of the complex baseband signal S43A to
levels suitable for inputs to the ADCs 525 and 526. The AGC
amplifiers 523 and 524 output a complex signal S43B to the
ADCs 525 and 526. The ADCs 525 and 526 convert an input
signal to a digital signal and then-output a real axis com-
ponent S43CI and an imaginary axis component S43CQ of
a complex IF signal S43C to the full-complex mixer 530.

[0258] The full-complex mixer 530 performs a frequency
conversion process in which the center frequency is set to
frequency zero for the real axis component S43CI and the
imaginary axis component S43CQ of the complex IF signal
S43C according to a real axis local cos signal and an
imaginary axis local sin signal of a complex local signal
output from the local oscillator 540, and outputs a complex
signal S43D to LPFs 527 and 528. The LPFs 527 and 528
remove a high frequency component of the complex signal
S43D, and output a real axis component [ and an imaginary
axis component Q of a complex baseband signal to output
terminals TOI and TOQ, respectively.

[0259] FIG. 38 illustrates an example of frequency char-
acteristics of a complex-coefficient transversal filter applied
to the complex-coefficient filter 513 of the downconverter 40
and the upconverter 41 in the present invention. An associ-
ated complex-coefficient transversal filter can be designed in
the same design method as that of the complex-coefficient
transversal filter applied to the downconverter of the above-
described low-IF scheme. In the zero-IF scheme and the
quasi-zero-IF scheme, a filter is configured to reject 39 dB
in a frequency band out of a frequency band of a predeter-
mined range with the center of an RF signal frequency of
800 MHz as illustrated in FIG. 38.

[0260] FIG. 39 illustrates an impulse response of a real
part of the complex-coefficient transversal filter. The
impulse response of the real part is an even-symmetric
impulse response. FIG. 40 illustrates an impulse response of
an imaginary part of the complex-coefficient transversal
filter. The impulse response of the imaginary part is an
odd-symmetric impulse response. A convolution integral
process for the impulse responses and the input signals can
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output components of a complex signal with a phase differ-
ence of 90 degrees while suppressing a negative frequency
band. In FIGS. 39 and 40, the vertical axis represents a
normalized value.

[0261] A structure for suppressing a negative frequency
band in the complex-coefficient filter used in the downcon-
verter of the zero-IF scheme and the quasi-zero-IF scheme
has been described. Alternatively, the complex-coefficient
filter may have a structure for suppressing a positive fre-
quency band and performing a process on the basis of a
signal of an extracted positive frequency component.

M. Principle of Upconverter of Zero-IF Scheme

[0262] Next, the principle of an upconverter of a zero-IF
scheme in the present invention will be described with
reference to an example of a basic structure of the upcon-
verter based on the zero-IF scheme in the present invention.
FIG. 50 illustrates an upconverter 60 serving as an example
of a first structure of the upconverter of the zero-IF scheme
in the present invention. For example, the upconverter 60
may be a radio transmitter. The upconverter 60 converts
digital signals received from input terminals T and TQ with
real and imaginary parts to analog baseband signals, per-
forms a frequency conversion process based on an RF signal
frequency for the analog baseband signals, and generates a
complex RF signal, extracts only a real part of the complex
RF signal, and outputs the real RF signal to an output
terminal TRF connected to an antenna.

[0263] In the upconverter 60, Digital-to-Analog Convert-
ers (DACs) 701 and 702 convert digital signals input from
TI and TQ to analog baseband signals. LPFs 703 and 704
remove a high frequency component of a complex signal
S60A output from the DACs 701 and 702 and then output a
complex signal S60B.

[0264] A half-complex mixer 706 is configured by a
mixer-I 707 and a mixer-Q 708 serving as multipliers. A
local oscillator 741 inputs a real local signal with a fre-
quency of a target RF signal in a real signal of cos or sin to
an input terminal Thm of the half-complex mixer 706. The
half-complex mixer 706 multiplies the real local signal and
a complex RF signal S60B input from input terminals Thml
and ThmQ), and outputs a complex signal S60C. The complex
signal S60C has the RF signal frequency.

[0265] Next, the overall operation of the above-described
upconverter 60 will be described. The DAC 701 converts a
real component of digital signals input from the input
terminals T1 and TQ to an analog signal S60AI. The DAC
702 converts an imaginary component of the digital signals
input from the input terminals TT and TQ to an analog signal
S60AQ. As a result, a complex signal S60A is generated.
The LPFs 703 and 704 remove a high frequency component
from the complex signal S60A and then output a complex
signal S60B including S60BQ.

[0266] The half-complex mixer 706 frequency-converts
the complex signal S60B on the basis of the real local signal
of cos or sin input from the local oscillator 741, and outputs
a complex signal S60C with an RF signal frequency to the
complex-coeflicient filter 710.

[0267] The complex-coefficient filter 710 outputs a real
axis component S60DI and an imaginary axis component
S60DQ of a complex signal S60D with a phase difference of
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90 degrees to output terminals Orpl and OrpQ while reject-
ing a negative frequency of the input complex RF signal
60C. A subtractor 711 subtracts the imaginary axis compo-
nent S60DQ from the real axis component S60DI of the
complex RF signal output from the complex-coefficient filter
710 and extracts a real RF signal.

[0268] FIG. 51 illustrates a mixing process in the upcon-
verter 60 illustrated in FIG. 50. The half-complex mixer 706
multiplies (or half-complex mixes) a complex baseband
(BB) signal and a real local signal L,(t) with a frequency £,
of an RF signal output from the local oscillator 741, per-
forms frequency conversion to the RF signal frequency £,
and outputs a complex RF signal s (t).

[0269] The complex-coeflicient filter 710 rejects a nega-
tive frequency component of the complex RF signal s (1)
and the subtractor 711 subtracts an imaginary component
from a real component of the complex RF signal, such that
a real RF signal ((S,(OL,,(D)+S,*(OL,,*(1))) is output.
When the subtraction operation of the subtractor 711 is
performed after the complex-coefficient filter 710 rejects the
negative frequency component of the complex RF signal,
the influence of a signal frequency-converted in a reverse
direction at the RF signal frequency f, can be removed.

[0270] A complex baseband signal, a complex local signal,
a complex RF signal, and a real RF signal in a process as
illustrated in FIG. 51 are expressed by Equations (35), (36),
(37), and (38), respectively.

Sppl(D) = 55(0) + js,, (1) = 5,(1) Equation (35)

L) = Ly (0) + Ly (2) Equation (36)

Sy (D) =54(0) + Ly (D) Equation (37)

Sr(0) =Re[sy(1) + Ly (1)] Equation (38)

1
= 5 BOLp0) + 5] O L (1)

N. Principle of Upconverter of Quasi-Zero-IF Scheme

[0271] Next, the principle of an upconverter of a quasi-
zero-IF scheme in the present invention will be described
with reference to an example of a basic structure of the
upconverter based on the quasi-zero-IF scheme in the
present invention. FIG. 52 illustrates an upconverter 61
serving as an example of a first structure of the upconverter
of the quasi-zero-IF scheme in the present invention. For
example, the upconverter 61 may be a radio transmitter. The
upconverter 61 converts digital signals received from input
terminals T and TQ with real and imaginary parts to analog
baseband signals, and converts the analog baseband signals
to a complex IF signal of an IF separated by an offset
frequency value from frequency zero according to a first
local signal output from a first local oscillator. Moreover, the
upconverter 61 frequency-converts the complex IF signal to
an RF signal capable of being transmitted on the basis of a
second local signal output from a second local oscillator,
extracts only a real part of the complex RF signal, and
transmits the extracted real part from an output terminal TRF
such as an antenna.

[0272] Here, the offset frequency in the upconverter of the
quasi-zero scheme is a frequency of the first local signal. The
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frequency of the first local signal has a frequency value
when the frequency value obtained by adding the RF signal
frequency to the frequency of the first local signal is in a
frequency band of the RF signal.

[0273] The upconverter of the zero-IF scheme has a struc-
ture for frequency-converting a complex baseband signal to
a complex RF signal according to the second local signal
output from the second local oscillator. It is assumed that a
frequency difference is present between the second local
signal and the RF signal when a resolution of the second
local oscillator is not fine. The upconverter of the quasi-
zero-1F scheme is provided with the first local oscillator to
compensate for the frequency difference. The upconverter
performs a fine frequency conversion process in which the
offset frequency is set to a center frequency and first
generates a quasi-baseband signal. The upconverter can
perform frequency conversion to a signal with a target RF
signal frequency according to the second local signal.

[0274] The upconverter 61 has the same structure as the
upconverter 60 illustrated in FIG. 50 in terms of a structure
after the DACs 701 and 702, except that the local oscillator
741 connected to the half-complex mixer 706 is replaced
with a local oscillator 742 for outputting a signal of a
frequency separated by an offset frequency from an RF
signal. Components not provided in the upconverter 60
(FIG. 50), but utilized in the upconverter 61 of FIG. 52, will
be described.

[0275] LPFs 720 and 721 remove high frequency compo-
nents of digital signals.

[0276] A full-complex mixer 730 is used for frequency
conversion in which the offset frequency is set to a center
frequency, and is configured by a