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The invention relates to a transformer circuit for converting an
asymmetrical input signal into a pair of substantially symmetrical output signal currents,
comprising a first and a second transistor, the emitter of the first transistor being
coupled to an asymmetrical input terminal, the collector of the first transistor and the
collector of the second transistor being coupled to a first and to a second symmetrical
output terminal respectively. '

The invention also relates to a doublé-balanced mixer circuit.

Such a transformer circuit is known from the European Patent Application
number 84200975.5, where it is used as an input stage 100 in a double-balanced mixer
circuit, as shown in figure 1. Its symmetrical output terminals SO1 and SO2, are
coupied to the common emitu;.r terminals 3 and 4 of the differential mixer transistor
pairs T1, T2 and T3, T4 respectively.

In the known transformer circuit both the emitter of a first transistor TS
and a second transistor T6 are coupled to the asymmetrical input terminal Al, via an
inductive transformer 12. The inductive transformer converts the asymmetrical signal
from signal source 10 into a pair of symmetrical signals at the emitters of transistor TS
and T6. Thus the signals applied at the emitters of transistors T5 and T6 are in phase
opposition. Since the bases of transistors TS and T6 are connected to signal ground,
these transistors constitute a symmetrical current follower. The pair of symmetrical
signal currents at the emitters of these transistors, is transferred with nearly unity gain
to a pair symmetrical output signal currents at terminals SO1 and SO2.

Although the known transformer circuit is suitable to be used in a high
performance receiver front-end, it inherently requires an inductive transformer to
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transform an asymmetrical input signal into a pair of symmetrical signals. Such an

inductive transformer is relatively expensive and occupies a relatively large space. More
and more receiver functions are integrated on a single chip to meet the demand for
cheap and small size receivers, for example in cordless telephony. The inductive
transformer is unsuited to be integrated on a chip. Furthermore, at least two connection
pins are required to couple the inductive transformer to the integrated components of the
transformer circuit. The number of connection pins may increase and herewith the size
and the price of the housing of the chip.

As such, transformer circuits are known that do not require an inductive
transformer, for example a long-tail pair input stage in a double-balanced mixer circuit
as known from the German Offenlegungsschrift 28,39,0_61. However, the performance
of the long-tail pair input stage is inferior, to that of a transformer circuit comprising an
inductive transformer as previously discussed. First of all, the long-tail pair input stage
exhibits a worse noise and intermodulation behaviour, as explained in the
aforementioned European Patent Application. Secondly, the long-tail pair input stage
has a relatively high input impedance, compared to the inductive transformer circuit.
This makes the long-tail pair input stage more susceptible to interferences due to
parasitic capacitive couplings of hnwanted signal sources with the asymmetrical input
terminal. Thirdly, the symmetry between the pair of output signal currents, applied at
the common emitter terminals of the two pairs of mixer transistors, will in general be
less than that of the known transformer circuit.

It is inter alia an object of the invention to provide a transformer circuit
for converting an asymmetrical input signal into a pair of substantially symmetrical
output signal currents, that has a performance comparable to that of the known
transformer circuit, comprising an inductive transformer, but which is more suited to
integration on a chip and which requires only one input connection pin and less
voluminous and/or expensive external components.

To this end the transformer circuit as specified in the opening paragraph is
characterized in that the asymmetrical input terminal is coupled to a node commonly
coupled to the emitter of the first transistor and to the base of the second transistor, the
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first and the second transistor being arranged in common base configuration and in
common emitter configuration respectively.

The invention is based on the recognition that a pair of symmetrical
output signal currents can be obtained by directing an input current from the signal
source to flow to the first symmetrical output terminal via the first transistor and that at
least the signal voltage across the emitter-base junction of the first transistor, should be
used to drive the second transistor, which can provide a collector current that is
substantially in phase opposition with the collector current of the first transistor. The
first transistor is arranged in common base configuration and constitutes a non-inverting
current follower, whereas the second transistor is arranged in common emitter
configuration and constitutes an inverting transadmittance amplifier.

The input current from the signal source transferred to the node, will
substantially flow into the emitter of the first transistor, since the input impedance of
the current follower is relatively low. The signal voltage at the node results from a
current-to-voltage conversion (transimpedance), due to the non-zero input impedance of
the current follower. This signal voltage is applied at the base of the second transistor,
and modulates its collector current, which will be in phase opposition with that of the
first transistor. The voltage-to-current conversion (transadmittance) by the second
transistor, can be made substantially inverse to that of the previously mentioned current-
to-voltage conversion, such that the collector currents of the first and the second
transistor are substantially symmetrical.

A preferred embodiment of the transformer circuit according to the
invention, is characterized in that a first impedance is arranged between the emitter of
the first transistor and the node and that a second impedance is arranged between the
emitter of the second transistor and signal ground. The addition of impedances in series
with the emitters of the first and second transistors, improves the large signal handling
and/or the noise behaviour of the circuit.

A further preferred embodiment of the transformer circuit according to
the invention, is characterized in that an input stage is arranged between the
asymmetrical input terminal and the node. The noise figure of this embodiment is
comparable to that of the known transformer circuit and is mainly determined by the
input stage. The input stage provides power gain, such that the noise contribution of the
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first and the second transistors with their respective emitter series impedances, is
relatively small compared to that of the input stage.

A further preferred embodiment of the transformer circuit according to
the invention, is characterized in that a cascode transistor in common base configuration
is arranged between the collector of the second transistor and the second symmetrical
output terminal. The cascode transistor may help to improve the symmetry of the pair
of output signal currents, by equalizing the collector-base voltage difference of the first
and the second transistor, such that the so-called ’early effect’ affects the signal transfer
via both transistors to the same extent.

In order to improve the stability in biasing the transformer circuit
according to the invention, an embodiment is preferably characterized in that a DC-
blocking capacitor is arranged between the node and the base of the second transistor,
to decouple the bias voltage of the emitter of the first transistor from the bias voltage of
the base of the second transistor.

Said improvement is alternatively achieved by another preferred
embodiment of the transformer circuit according to the invention, being characterized in
that it comprises a bias control loop comprising a first current sensing circuit coupled to
the first transistor, a second current sensing circuit coupled to the second transistor, a
difference detection circuit with a first and a second input coupled to the output of the
first and the second current sensing circuit respectively, the output of the difference
detection circuit being coupled to the base of the first transistor via at least one loop
capacitor.

When the transformer circuit is equipped with such a bias control loop, it
is possible to obtain stable biasing of the circuit without the use of said DC-blocking
capacitor. This transformer circuit may advantageously be used when parasitic
capacitances, introduced by said DC-blocking capacitor, give rise to an unacceptable
asymmetry in the pair of.output signal currents and/or when said DC-blocking capacitor
requires too much chip-area.

A further preferred embodiment based on the aforementioned embodiment
of the transformer circuit according to the invention, is characterized in that a loop
transistor is inserted between the output of the difference detection circuit and the base
of the first transistor, the base-emitter junction of the loop transistor constituting said
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loop capacitor.

An embodiment of a double-balanced mixer circuit according to the
invention comprising a first differential pair of first and second mixer transistors, whose
emitters are coupled to a first common emitter terminal, a second differential pair of
third and fourth mixer transistors, whose emitters are coupled to a second common
emitter terminal, the bases of the first and the fourth transistor and the bases of the
second and the third transistor being coupled to a first common and a second common
base terminal respectively, between which base terminals a mixing signal may be
applied, is characterised in that the asymmetrical input terminal is coupled to a node
being commonly coupled to the first common emitter terminal and the base of a
transistor, being arranged in a common emitter configuration, its collector being
coupled to the second common emitter terminal.

This embodiment of a double-balanced mixer circuit is particularly suited
to operate at very low supply voltages (e.g. in 1 or 2 1,5 voit battery operated
equipment), since the number of emitter-base junctions arranged in series between the
supply voltage connections can be reduced to two. In this embodiment the first and the
second mixer transistor fulfil the role of the first transistor in a transformer circuit
according to the invention. The base of the first and the second mixer transistor are in
general coupled to a low impedance signal source, such that these transistors are
arranged in 2 common base configuration and act as current followers. The portion of
the current from the input signal source flowing through the first and through the
second mixer transistor, is determined by the voltage difference between their respective
bases. However, the input impedance at the first common emitter terminal is the same
as in the case where the first and the second mixer transistor were to be replaced by a
single transistor in common base configuration. Consequently the transimpedance of
both aforementioned cases has the same magnitude, and the signal voltage at the node
may therefore be used to.drive the base of the second transistor.

The following figures clarify the invention.
Figure 1 is a double-balanced mixer circuit with a conventional

transformer circuit as an input stage.

MR
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Figure 2 is 4 first embodiment of a transformer circuit according to the
invention.

Figure 3 is a double-balanced mixer circuit with a second embodiment of
a transformer circuit according to the invention.

Figure 4 is a double-balanced mixer circuit with a third embodiment of a
transformer circuit according to the invention.

Figure 5 is a double-balanced mixer circuit with a fourth embodiment of a
transformer circuit according to the invention. '

Figure 6 is a double-balanced mixer circuit with a fifth embodiment of a
transformer circuit according to the invention.

Figure 7 is an embodiment of a double-balanced mixer circuit according

to the invention.

The invention will be described in greater detail with reference to Figures
2t0 7.

Figure 2 shows a first embodiment of a transformer circuit according to
the invention, which is particularly suited for integration on a chip. The asymmetrical
input terminal Al is directly coupled to the node NC. The node NC is commonly
coupled to the emitter of a first transistor 101 via a first impedance 111 and to the base
of a second transistor 102. Transistor 101 is effectively arranged in common base
configuration, since the base of transistor 101 is coupled to signal ground via a
relatively low impedance network constituted by diodes 241, 242 and 243 and
impedance 244 connected in series. Transistor 102, whose emitter is coupled to signal
ground via impedance 112, is arranged in common emitter configuration. The collectors
of transistors 101 and 102 constitute the first and the second symmetrical output
terminals (SO1, SO2) respectively, of the transformer circuit. The components whose
reference numeral comprise a most significant decimal ’2’ and impedance 120, serve to
correctly bias transistors 101 and 102, as will be discussed later.

Transistor 101 and impedance 111 can be regarded as a non-inverting
current follower, its input terminal being node NC, its output terminal being terminal
SO1. The input impedance of this current follower is approximately equal to the sum of
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impedance 111 and the emitter impedance of transistor 101. Transistor 102 and
impedance 112 can be regarded as an inverting transadmittance amplifier, its input
terminal being node NC too, and its output terminal being terminal SO2. The input
impedance of this transadmittance amplifier is at least an order of magnitude higher than
that of the current follower. Its transadmittance gain, that is the voltage-to-current

conversion factor, is approximately equal to the inverse of the sum of impedance 112
and that of the emitter impedance of transistor 102.

The input current drawn from a signal source connected to the
asymmetrical input terminal Al, will substantiaily flow into the emitter of transistor
101, thus to the symmetrical output terminal SO1. This because the magnitude of
impedance 111 is relatively low compared to that of impedances 211 and 120, to avoid
unnecessary signal loss. Hence, the input impedance of the transformer circuit is
approximately equal to that of the current follower as indicated above. The signal
voltage at node NC is approximately equal to the product of the input current and the
input impedance of the current follower. This signal voitage is the input voitage of the
transadmittance amplifier indicated above.

Good symmetry between the collector signal currents of transistor 101 and
transistor 102 can be obtained if the product of transimpedance gain and the input
impedance of the current follower, approximates unity gain. Such is the case, for
example, if there is little difference the between the bias currents of transistors 101 and
102 and if there is little difference between the impedances 111 and 112. Some
asymmetry may result from the impedance between the base of transistor 101 and signal
ground being non-zero, the so-called *imperfect’ common base configuration. This
asymmetry may be compensated by a decrement of the magnitude of impedance 111
with respect to that of impedance 112,

The linear operation of the transformer circuit can be understood by
recognizing that the sum of the base-emitter junction voltages of transistors 101 and
102, is constant and equal to control voltage Vc. An input current from a signal source
at terminal AI flowing into the emitter of transistor 101, modulates the base-emitter
junction voltage of transistor 101. This current-to-voltage conversion exhibits a
logarithmic characteristic and is therefore non-linear. Consequently, the base-emitter
junction voltage of transistor 102 is modulated inversely and non-linearly, since the sum



10

15

20

25

30

This Sheet Has Been Reilaced
12.08.1993

——_— . [WRHER

of the junction voltages is constant. However, the relation between collector current and
base-emitter junction voltage of transistor 102, is also logarithmic. Thus, the non-linear,
logarithmic current-to-voltage conversion (transistor 101), is compensated by the non-
linear, exponential voltage-to-current conversion (transistor ,102), such that the transfer
of an input current at terminal AI to an inverse output current at terminal SO2 is
substantially linear.

Impedances 111 and 112 have little influence on the linearity of the
transformer circuit, but do increase the maximum allowable input voltage at terminal
Al, by reducing the input voltage to input current conversion factor. If impedance 111
and 112 were omitted, the conversion of an asymmetrical input signal into a pair of
symmetrical output signal currents, would still be substantially linear, provided the input
voltage remains below the maximum allowable value,

To obtain a stable operation, such that for example the output signal
currents at terminals SO1 and SO2 are substantially symmetrical over a wide
temperature range, the transformer circuit shown in Figure 2 is equipped with a bias
control loop. This bias control loop adjusts the base bias voltage of transistor 101,
which is control voltage V¢, to make the bias current of transistor 102 substantially
equal to that of transistor 101. The bias current of transistor 101 is inter alia determined
by the magnitude of impedance 120.

The bias control loop comprises a first and a second current sensing
circuit, formed by transistor 201 in series with impedance 211 and transistor 202 in
series with impedance 212 respectively. The collector currents of transistor 201 and 202
are scaled replica’s of the collector currents of transistor 101 respectively 102. The
scaling factor depends on the ratio between the dimensions of transistors 201 and 202
with respect to transistors 101 and 102 and the ratio between the impedances 211 and
212 with respect to impedances 111 and 112. The collectors of transistors 201 and 202
are coupled to transistors 221 and 222 respectively. The latter transistors form a current
mirror acting as difference detection circuit. The collector current of transistor 201 is
first mirrored, thus inverted, and summed with the collector current of transistor 202, to
generate a difference current flowing into the base of transistor 240 and possible
parasitic capacitances (not shown). The base-emitter junction capacitance of transistor
240 integrates inter alia the difference current into a control voltage Vc. The base-
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emitter junction capacitance increases with the size of the transistor 240, which is
relatively large to sufficiently filter out high frequency components in the difference
current. In that case a distinct filtering capacitor between the base connection of
transistor 240 and signal ground is superfluous. Diodes 241, 242 and 243 and
impedance 244 are used to correctly bias transistor 240. Preferably these diodes are
shottky diodes, to promote a temperature independent operation of the transformer
circuit.

In a steady-state situation, the bias currents of transistors 101 and 102 will
be substantially equal. The bias control loop is an integrating control loop that strives
for zero error, that is: zero difference current. A difference between the collector
currents of transistors 101 and 102 results in a non-zero difference current, that is
integrated into a continuously changing control voltage Vc. The change in control
voltage V¢ corrects at its turn the ratio of the collector currents of transistors 101 and
102, such that the difference current is reduced to zero. Then, the voltage V¢ remains
constant.

A change in control voltage Vc mainly affects the bias current of
transistor 102, in the case that the voltage drop over impedance 112 is at least one order
of magnitude less than the base-emitter voltage of transistor 102. The base-emitter
voltage of transistor 102 varies only slightly in function of the transistor bias current.
Since the bias current of transistor 101 substantially flows through impedance 120, this
bias current has to be approximately equal to the quotient of the base-emitter voltage of
transistor 102 and the resistance of impedance 120. Thus, impedance 120 mainly
determines the magnitude of the bias currents of transistors 101 and 102, which bias
currents are kept in balance.by the bias control loop, adjusting the control voltage Vc to
this end.

In order to guarantee starting up of the transformer circuit over a wide
temperature range, a start-up circuit is added comprising transistors 231, 232 and 233
and impedance 234 are added. Transistor 231 and 232 act as current sources, whose
collectors deliver a pair of symmetrical bias currents generating for initial biasing.

An interesting feature of the embodiment described above, is that good
symmetry between the output signal currents is maintained at frequencies only a few
times lower than the cut-off frequencies of the transistors used in the circuit. The
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emitter-base capacitances of transistors 101 and 102, affect the high frequency input
signal transfer via these transistors, to much the same extent. Unbalance of the output
signal at high frequencies, will mainly result from the collector-base capacitances of
transistors 101 and 102. As transistor 102 is arranged in common emitter configuration
and transistor 101 in common base configuration, the collector-base signal voltage of
transistor 102 is larger than the collector-base signal voitage of transistor 101. This
causes a somewhat larger current in the collector-base capacitance of transistor 102.
This current flows from the collector to the internal base, causing a signal voltage
across the internal base resistance of transistor 102.

Figure 3 shows a double-balanced mixer circuit comprising a second
embodiment of a transformer circuit according to the invention. The symmetrical
current outputs SO1 and SO2 of the transformer circuit 100, are connected to the
common emitter terminals 3 and 4 of the mixer transistors. Between the terminals 1 and
2 an oscillator signal may be applied, such that the mixer transistors act as current
switches. For example, when the voltage at terminal 1 is one base-emitter junction
voltage higher than the voitage at terminal 2, mixer transistors T1 and T4 are
conductive, whereas T2 and T3 are not. Then, the signals currents at SO1 and SO2 are
directed to flow into impedance 5 and 6 respectively. Conversely, when the voltage at
terminal 2 is higher than the voltage at terminal 1, mixer transistors T2 and T3 are
conductive, whereas T1 and T4 are not. Then, the signals currents at SO1 and SO2 are
directed to flow into impedance 6 and 5 respectively. Thus the current flowing into
impedances 5 and 6 are alternately derived from SO1 and SO2.

A difference with the embodiment shown in Figure 2, is that the
transformer circuit 100 of Figure 3 has an input stage, arranged between the between
the asymmetrical input terminal AI and the node NC. This input stage comprises an
input transistor 103 arranged in common base configuration and acting as current
follower. A further difference is that DC blocking capacitor 130 is arranged between
the node NC and the base of transistor 102. The embodiment of Figure 3 does not
require a bias control loop for stable operation. Bias voltages are supplied to terminals
VB1, VB2 and VB3, which are further supplied to the bases of transistors 101, 102,
103 via impedances 141, 142 and 143 respectively. The bases of transistors 101 and
103 are coupled to ground by capacitors 151 and 153 respectively. Thus transistors 101
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and 103 are arranged in ¢6thmon base configuration. Impedance 113 acts as passive
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current source and determines inter alia the bias current of transistors 101 and 103.
Capacitor 131 is a DC-blocking capacitor to decouple the emitter bias voltage of
transistor 103 from the DC voltage applied at the asymmetrical input terminal Al.

The signal source voltage 10 is converted into an signal current at
terminal Al, which substantially flows to the symmetrical output terminal SO1 via
transistors 101 and 103. The conversion factor is inter alia determined by the source
impedance 11 and the emitter impedance of transistor 103. Preferably, the magnitude of
impedance 113 is some orders of magnitude larger than that of the emitter impedance of
transistor 103, such that most of the current from signal source 10 flows into the emitter
of transistor 103. The signal current transferred via transistor 103 with nearly unity
gain, is converted into a signal voltage at the node NC. The current-to-voltage
conversion factor is inter alia determined by the impedance 111 and the emitter
impedance of transistor 101.

The signal voltage at the node NC is supplied to the base of transistor 102
via DC-blocking capacitor 130, which constitutes a high-pass network together with

~ impedance 142. Transistor 102 and impedance 112 constitute an inverting

transadmittance amplifier, supplying a signal current to output SO2 which is phase
opposed to the signal current at terminal SO1.

The embodiment of Figure 3 has some features worth while noting. First
of all the noise performance of this embodiment can be superior to that of the
embodiment shown in Figure 2. This feature relates to the fact that the transfer from the
asymmetrical input terminal AI to node NC, may exhibit a voltage gain. This voltage
gain depends inter alia on the magnitude of impedance 111. As the voltage gain
increases, the noise figure of the transformer circuit shown in Figure 3, decreases, since
the contribution of the noise voltage of transistors 101 and 102 diminishes. With
sufficient voltage gain, the noise voltage of transistors 101 and 102 may become
negligible, such that the noise voltage of only one transistor (103) dominates. This in
contrast to the embodiment of Figure 2, where the both transistors 101 and 102 equally
contributé to the noise voltage at the input terminal Al, since they are both effectively
arranged in series with this terminal.

As the frequency increases, the maximum obtainable voltage gain in the
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embodiment shown in Figure 3 diminishes and consequently the noise figure will
deteriorate. At a frequency being an order of magnitude less than the cut-off frequency
of the transistor 103, the noise figure of the embodiment shown in Figure 2 may be
superior to the one shown in Figure 3. In the transformer circuit shown in Figure 2,
two transistors (101,102) have dominant noise contribution, whereas in the embodiment
of Figure 3 three tmnsistorg may have contribute to the noise of the transformer circuit.
Thus, with relatively lbw frequency input signals, an embodiment comprising an input
stage as shown in Figure 3, may be preferred and with relatively high frequency input
signals, an embodiment without an input stage as shown in Figure 2, may be preferred.

A second interesting feature of the transformer circuit as shown in Figure
3, is that a higher gain may be obtained compared to the known transformer circuit,
when both circuijts have similar performance with respect to noise, linearity and current
consumption. Gain is defined as the conversion factor of an asymmetrical input signal
source voltage to a pair of symmetrical output signal currents. The gain of both the
known transformer circuit and that of one according to the invention is inter alia
determined by the magnitude of the sum of the source impedance 11 and the input
impedance at the asymmetrical input terminal Al of the transformer circuit.

As an illustration of said feature, assume the bias currents of transistors
T5 and T6 in circuit of Figure 1 and transistors 101, 102 and 103 in the circuit of
Figure 3 to be 1 milliAmpere. This limits symmetrical output signal currents at SO1,
SO2 of both circuits to a peak value of 1 milliAmpere. The input impedance at the
asymmetrical input terminal Al of the transformer circuit in Figure 3, will be
approximately 25 Ohms, the emitter impedance of a typical silicon bipolar transistor
biased at 1 milliampere. The impedance at Al of the transformer circuit in Figure 1,
will be approximately 2 times 25 Ohms, if the transformation ratio of transformer 1 in
Figure 1 is 1:1. This because the emitter impedance of transistors TS5 and T6 are
effectively arranged in series. Due to the higher input impedance of the known
transformer circuit in this example, its gain will be less. Changing the transformation
ratio will either further reduce the gain or deteriorate the linearity and noise
performance of the circuit.

The double-balanced mixer circuit shown in Figure 4 comprises a third
embodiment. of a transformer circuit according to the invention. Different from the
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second embodiment of Figure 3, the transformer circuit 100 of Figure 4 comprises a so-
called cascode transistor 104, which is arranged between the collector of transistor 102
and the symmetrical output terminal SO2. This cascode transistor acts as a signal
current follower, since it is arranged in common base configuration, by coupling its

“l 12.08.1993

base to signal ground via capacitor 154. Cascode transistor 104 receives at its base a
bias voltage applied at terminal VB4 via impedance 144, -

A cascode transistor arranged in series with the second transistor, as
shown in Figure 4, may help to improve the symmetry between the output currents at
terminals SO1 and SO2. In the embodiment of Figure 4, the collector bias voltage of
transistor 102 is independent from the collector bias voitage of transistor 101,
determined by the voltages applied at terminals 1 and 2. In contrast with the
embodiment of Figure 3, the collector bias voltage of transistor 102 can be adjusted by
the bias voltage applied at terminal VB4, which is an additional parameter to reduce
asymmetry between the output signal currents. Asymmetry may be caused by the so-
called *Early-effect’ of the transistors, which is inter alia determined by the voltage
across the collector-base junction. The influence of the Early effect on the output signal
currents at SO1 and SO2 can be balanced by adjusting the bias voltage applied at
terminal VB4,

Figure 5 shows a double-balanced mixer circuit comprising a fourth
embodiment of a transformer circuit according to the invention. Compared to the third
embodiment shown in Figure 4, the passive current source for biasing transistors 101
and 103, that is impedance 113 in Figure 4, is replaced in Figure 5 by an active current
source comprising transistor 105 and impedance 115. The bias current from this active
current source is determined by the value of impedance 115 and the bias voltage applied
at terminal VBS, which is further applied to the base of transistor 105 via impedance
145. The base is decoupled to ground via capacitor 155, inter alia to prevent possible
parasitic high frequency components on the bias voltage applied at terminal VBS, from
parasitically modulating the active current source.

The embodiment shown in Figure 5 offers the advantage, that due to the
high collector impedance of transistor 105, almost all the input signal current at
terminal Al is directed to flow into the emitter of transistor 103. The gain of the
transformer circuit presented in Figure 5 may therefore be higher than that of Figure 4,
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especially when the circuits 4re to operate at low supply voltages. To enable low
voltage operation, the DC resistance value of impedance 113 is to be kept small to limit
the voltage drop across its terminals. The magnitude of the impedance 113 (Figure 4) at

l‘ 12.08.1993

input signal frequencies, could be enlarged using an inductor. However, only small
inductances can be integrated on a chip. Thus, the magnitude of the collector impedance
of transistor 115 in Figure S, will generally be higher than that of impedance 113 in
Figure 4.

Figure 6 shows a double-balanced mixer circuit comprising a fifth
embodiment of a transformer circuit according to the invention. In this embodiment, the
input transistor 103 and its associated elements (impedance 143, capacitor 153 and
terminal VB3) shown in Figure 5, are omitted. Thus, the asymmetrical input terminal
Al is coupled to the node NC via passive elements only. A similar case is shown in
Figure 2, of which the embodiment equally does not comprise an input transistor
between the terminal Al and the node NC.

Omitting the input transistor 103 shown in Figure 5, may be an option if
the circuit is to operate at relatively low supply voltages. However, this may have a
detrimental effect on the noise performance at relatively low frequencies, since there is
no longer a voltage gain between the terminal Al and the node NC. To obtain the same
gain at the same current consumption with respect to the embodiment shown in Figure
5, impedances 111 and 112 of the embodiment shown in Figure 6 are to be omitted too
(not shown).

A double-balanced mixer circuit according to the invention, very well
suited to operate at relatively low supply voltages, is shown in Figure 7. Compared to
Figure 3, transistor 101 and its associated elements (impedance 141, capacitor 151 and
terminal VB1) have been omitted. The gist of the circuit shown in Figure 7, is that
mixer transistors T1 and T2 can take over the function of transistor 101. In practice
terminal 1 and 2 are coupled to an oscillator signal source, whose source impedance is
relatively low, such that mixer transistor T1 and T2 are effectively arranged in common
base configuration. The impedance at the common emitter terminal 3 is practically equal
to the emitter impedance of transistor 101 in Figure 3, assuming that transistor 103 of
Figure 3 and transistor 103 of Figure 7, are biased at the same current. Thus, the signal
current from the signal source 10 will substantially flow to common emitter terminal 3
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via transistor 103, and produce a signal voltage at the node NC. This signal voltage can
be used to drive transistor 102, such that its collector current and the current flowing to
common emitter terminal 3 are substantially symmetrical.

Although the double-balanced mixer circuit presented in Figure 7, can
operate at lower supply voltages than the circuits of Figures 3 to 6, it may exhibit a
higher level of spurious signals at the asymmetrical input terminal AI and in the mixer
output voltages across impedances 5 and 6 respectively. Such spurious signals originate
from an oscillator signal applied at terminals 1 and 2, producing a residual signal at the
common emitter terminals 3 and 4, substantially composed of the second harmonic of
the oscillator signal. In the circuits shown in Figures 3 to 6, transistor 101 is arranged
between the common emitter terminal 3 and the node NC. Transistor 101 prevents, to a
large extent, a cross-talk of the residual signal at the common emitter terminal 3 to the
node NC. In the circuit shown in Figure 7, however, there will be little cross-talk
attenuation of the residual signal to the node NC. Such an unwanted residual signal at
node NC, may further cross-talk to the asymmetrical input terminal Al. Moreover, it
also modulates the collector current of transistor 102 and consequently produces a
parasitic component in the mixer output voltage.

While 6 exﬁbodiments are shown and described to clarify the invention, a
person skilled in the art may conceive many other alternative embodiments of a
transformer circuit or a double-balanced mixer circuit, without departing from the spirit
and the scope of the invention claimed. The circuitry to bias the first and the second
transistor, may differ from that in the embodiments as described. Passive currents
sources, for example impedance 113, or active current sources, for example transistor
105 and impedance 115, may be used alternatively. Cascode transistors may be
arranged between the collector of the first transistor and the first symmetrical output
terminal, as well as additional cascode transistors between the collector of the second
transistor and the second symmetrical output terminal. Alternative input stages can be
arranged between the asymmetrical input terminal AI and the node NC.

Wherever in the text a circuit element is designated as "impedance’, it is
to be understood that this element may be resistive and/or inductive. For example,
impedances 111 and 112 as shown in Figure 2 to 7 may comprise integrated inductors,
to improve the high frequency noise behaviour of the circuit. Impedance 113 in Figures
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3, 4 and 7 could be an indiictor, being an external component arranged between the
input pin of an integrated transformer circuit and signal ground. In this case capacitor
131 would also be an external component. Thus, it will be evident that, aithough the
transformer circuit is very well suited for integration on a chip, not all of its elements
need to be integrated.

Furthermore, having knowledge of the invention, it will be obvious for a
person skilled in the art, that the effectiveness of the invention does not rely on the use
of bipolar NPN transistors as shown in the embodiments. Alternatively, field-effect
transistors may be used, in which case emitter, collector and base in the present
Application should read: source,. drain and gate respectively. Furthermore, it will be
evident that the polarity of the transistor is of no interest: instead of bipolar NPN or N-
channel field effect transistor, PNP or P-channel field-effect transistors may be used.

- In a double-balanced mixer circuit, the symmetrical output terminals of
the transformer circuit (SO1, SO2), need not to be directly coupled to the common
emitter terminals (3, 4) of the differential mixer transistor pairs. For example, DC-
blocking capacitors may be arranged between the symmetrical output terminals and the
common emitter terminals, in order to bias the differential mixer transistor pairs
independently from the transformer circuit.

The application of a transformer circuit according to the invention, is not
limited to double-balanced mixer circuits. It can also be applied advantageously in other
types of circuitry, where a conversion of an asymmetrical signal into a pair of
symmetrical signals is required. For example in automatic gain control (AGC)
amplifiers comprising two differential pairs as balanced voltage controlled current
attenuators.
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of substantially symmetrical output signal currents, comprising a first and a second
transistor, the emitter of the first transistor being coupled to an asymmetrical input
terminal, the collector of the first transistor and the collector of the second transistor
being coupled to a first and to a second symmetrical output terminal respectively,
characterized in that the asymmetrical input terminal is coupled to a node commonly
coupled to the emitter of the first transistor and to the base of the second transistor, the
first and the second transistor being arranged in common base configuration and in
common emitter configuration respectively.

2. Transformer circuit according to Claim 1, characterized in that a first
impedance is arranged between the emitter of the first transistor and the node and that a
second impedance is arranged between the emitter of the second transistor and signal

ground.

3. Transformer circuit according to Claim 2, characterized in that an input
stage is arranged between the asymmetrical input terminal and the node.

4, Transformer circuit according to Claim 1, 2 or 3, characterized in that a

cascode transistor in common base configuration is arranged between the collector of
the second transistor and the second symmetrical output terminal.

5. Transformer circuit according to Claim 1, 2, 3 or 4, characterized in that
a DC-blocking capacitor is arranged between the node and the base of the second
transistor.

6. Transformer circuit according to Claim 1, 2, 3 or 4, characterized in that
it comprises a bias control loop comprising a first current sensing circuit coupled to the
first transistor, a second current sensing circuit coupled to the second transistor, a
difference detection circuit with a first and a second input coupled to the output of the
first and the second current sensing circuit respectively, the output of the difference
detection circuit being coupled to the base of the first transistor via at least one loop

5
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capacitor.
7. Transformer circuit according to Claim 6, characterized in that a loop

transistor is inserted between the output of the difference detection circuit and the base
of the first transistor, the base-emitter junction of the loop.transistor constituting said
loop capacitor.

8. A double-balanced mixer circuit comprising a first differential pair of first
and second mixer transistors, whose emitters are coupled to a common first emitter
terminal, a second differential pair of third and fourth mixer transistors, whose emitters
are coupled to a common second emitter terminal, the bases of the first and the fourth
transistor and the bases of the second and the third transistor being coupled to a
common first and a common second base terminal respectively, between which base
signals a mixing signal may be applied, characterised in that the first common emitter
terminal and that the second common emitter terminal are coupled to a first symmetrical
output terminal and a second symmetrical output terminal respectively, of a transformer
circuit according to one of the precédings Claims.

9. A double-balanced mixer circuit comprising a first differential pair of first
and second mixer transistors, whose emitters are coupled to a first common emitter
terminal, a second differential pair of third and fourth mixer transistors, whose emitters
are coupled to a second common emitter terminal, the bases of the first and the fourth
transistor and the bases of the second and the third transistor being coupled to a first
common and a second common base terminal respectively, between which base
terminals a mixing signal may be applied, characterised in that the asymmetrical input
terminal is coupled to a node being commonly coupied to the first common emitter
terminal and the base of a transistor, being arranged in a common emitter configuration,
its collector being coupled to the second common emitter terminal.
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Abstract:

Transformer circuit, double-balanced mixer.

The invention relates to an integratable transformer circuit for converting
an asymmetrical input signal into a pair of symmetrical output signal currents, requiring
one IC connection pin only. The circuit exhibits a low input impedance combined with
good noise, gain and intermodulation performance up to high frequencies. The
asymmetrical input terminal of the circuit is coupled to a node commonly coupled to the
emitter of a common base transistor and to the base of a common emitter transistor.
The common base transistor acts as non-inverting current follower, the common emitter
transistor as inverting transimpedance amplifier. An input signal current is transferred to
a first symmetrical output terminal via this node and the common base transistor,
thereby producing a signal voltage at the node. This signal voltage modulates the
collector current of the common emitter transistor, which is in phase opposition with the
input signal current and is transferred to the second output terminal.
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| The invention relates to a transformer circuit for converting an
asymmetrical input signal into a pair of substantially symmetrical output signal currents,
comprising a first and a second transistor, the emitter of the first transistor being
coupled to an asymmetrical input terminal, the collector of the first transistor and the
collector of the second transistor being coupled to a first and to a second symmetrical
output terminal respectively.

o The invention also relates to a double-balanced mixer circuit.
This Sheet Has Been Replaced
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—_— — Such a transformer circuit is known from the European Patent Application
number 84200975.5, where it is used as an input stage 100 in a double-balanced mixer
circuit, as shown in figure 1. Its symmetrical output terminals SO1 and SO2, are
coupled to the common emitter terminals 3 and 4 of the differential mixer transistor
pairs T1, T2 and T3, T4 respectively.

In the known transformer circuit both the emitter of a first transistor TS

and a second transistor T6 are coupled to the asymmetrical input terminal Al, via an
inductive transformer 12. The inductive transformer converts the asymmetrical signal
from signal source 10 into a pair of symmetrical signals at the emitters of transistor TS
and T6. Thus the signals applied at the emitters of transistors TS and T6 are in phase
opposition. Since the bases of transistors TS and T6 are connected to signal ground,
these transistors constitute a symmetrical current follower. The pair of symmetrical
signal currents at the emitters of these transistors, is transferred with nearly unity gain
to a pair symmetrical output signal currents at terminals SO1 and SO2.

Although the known transformer .gircuit is suitable to be used in a high

performance receiver front-end, it inherently requires an inductive transformer to
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transform an asymmetrical input signal into a pair ots)mema}-srgnﬂmh an

inductive transformer is relatively expensive and occupies a relatively large space. More

and more receiver functions are integrated on a single chip to meet the demand for
cheap and small size receivers, for example in cordless telephony. The inductive
transformer is unsuited to be integrated on a chip. Furthermore, at least two connection
pins are required to couple the inductive transformer to the integrated components of the
transformer circuit. The number of connection pins may increase and herewith the size
and the price of the housing of the chip.

As such, transformer circuits are known that do not require an inductive
transformer, for example a long-tail pair input stage in a double-balanced mixer circuit
as known from the German Offenlegungsschrift 28,39,061. However, the performance
of the loné-tail pair input stage is inferior, to that of a transformer circuit comprising an
inductive transformer as previously discussed. First of all, the long-tail pair input stage
exhibits a worse noise and intermodulation behaviour, as eiplained in the
aforementioned European Patent Application. Secondly, the long-tail pair input stage
has a relatively high input impedance, compared to the inductive transformer circuit.
This makes the long-téil pair input stage more susceptible to interferences due to
parasitic capacitive couplings of unwanted signal sources with the asymmetrical input
terminal. Thirdly, the symmetry between the pair of output signal currents, applied at
the common emitter terminals of the two pairs of mixer transistors, will in general be
less than that of the known transformer circuit. |

1t is inter alia an object of the invention to provide a transformer circuit
for converting an asymmetrical input signal into a pair of substantially symmetrical
output signal currents, that has a performance comparable to that of the known
transformer circuit, comprising an inductive transformer, but which is more suited to
integration on a chip and which requires only one input connection pin and less
voluminous and/or expensive external components.

To this end the transformer circuit as specified in the opening paragraph is
characterized in that the asymmetrical input terminal is coupled to a node commonly
coupled to the emitter of the first transistor and to the base of the second transistor, the
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first and the second transistor being arranged in coffiffion bas& configuration-and in
common emitter configuration respectively.

The invention is based on the recognition that a pair of symmetrical
output signal currents can be obtained by directing an input current from the signal
source to flow to the first symmetrical output terminal via the first transistor and that at
least the signal voltage across the emitter-base junction of the first transistor, should be
used to drive the second transistor, which can provide a collector current that is
substantially in phase opposition with the collector current of the first transistor. The
first transistor is arranged in common base configuration and constitutes a non-inverting
current follower, whereas the second transistor is arranged in common emitter
configuration and constitutes an inverting transadmittance amplifier.

The input current from the signal source transferred to the node, will
substantially flow into the emitter of the first transistor, since the input impedance of
the current follower is relatively low. The signal voltage at the node results from a
current-to-voltage conversion (transimpedance), due to the non-zero input impedance of
the current follower. This signal voltage is applied at the base of the second transistor,
and modulates its collector current, which will be in phase opposition with that of the
first transistor. The voltage-to-current conversion (transadmittance) by the second
transistor, can be made substantially inverse to that of the previously mentioned current-
to-voltage conversion, such that the collector currents of the first and the second
transistor are substantially symmetrical.

A preferred embodiment of the transformer circuit according to the
invention, is characterized in that a first impedance is arranged between the emitter of
the first transistor and the node and that a second impedance is arranged between the
emitter of the second transistor and signal ground. The addition of impedances in series
with the emitters of the first and second transistors, improves the large signal handling
and/or the noise behaviour of the circuit.

A further preferred embodiment of the transformer circuit according to
the invention, is characterized in that an input stage is arranged between the
asymmetrical input terminal and the node. The noise figure of this embodiment is
comparable to that of the known transformer circuit and is mainly determined by the
input stage. The input stage provides power gain, such that the noise contribution of the
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first and the second transistors with their respective emitter series impedances, is

relatively small compared to that of the input stage.

A further preferred embodiment of the transformer circuit according to
the invention, is characterized in that a cascode transistor in common base configuration
is arranged between the collector of the second transistor and the second symmetrical
output terminal. The cascode transistor may help to improve the symmetry of the pair
of output signal currents, by equalizing the collector-base voltage difference of the first
and the second transistor, such that the so-called early effect’ affects the signal transfer
via both transistors to the same extent.

In order to improve the stability in biasing the transformer circuit
according to the invention, an embodiment is preferably characterized in that a DC-
blocking capacitor is arranged between the node and the base of the second transistor,
to decouple the bias voltage of the emitter of the first transistor from the bias voltage of
the base of the second transistor.

Said improvement is alternatively achieved by another preferred
embodiment of the transformer circuit according to the invention, being characterized in
that it comprises a bias control loop comprising a first current sensing circuit coupled to
the first transistor, a second current sensing circuit coupled to the second transistor, a
difference detection circuit with a first and a second input coupled to the output of the
first and the second current sensing circuit respectively, the output of the difference
detection circuit being coupled to the base of the first transistor via at least one loop
capacitor.

When the transformer circuit is equipped with such a bias control loop, it
is possible to obtain stable biasing of the circuit without the use of said DC-blocking
capacitor. This transformer circuit may advantageously be used when parasitic
capacitances, introduced by said DC-blocking capacitor, give rise to an unacceptable
asymmetry in the pair of.output signal currents and/or when said DC-blocking capacitor
requires too much chip-area.

A further preferred embodiment based on the aforementioned embodiment
of the transformer circuit according to the invention, is characterized in that a loop
transistor is inserted between the output of the difference detection circuit and the base
of the first transistor, the base-emitter junction of the loop transistor constifuting said



loop capacitor.

An embodiment of a double-balanced mixer circuit according to the
invention comprising a first differential pair of first and second mixer transistors, whose
emitters are coupled to a first common emitter terminal, a second differential pair of
third and fourth mixer transistors, whose emitters are coupled to a second common
emitter terminal, the bases of the first and the fourth transistor and the bases of the
second and the third transistor being coupled to a first common and a second common
base terminal respectively, between which base terminals a mixing signal may be
applied, is characterised in that the asymmetrical input terminal is coupled to a node
being commonly coupled to the first common emitter terminal and the base of a
transistor, being arranged in a common emitter configuration, its collector being
coupled to the second common emitter terminal.

This embodiment of a double-balanced mixer circuit is particularly suited
to operate at very low supply voltages (e.g. in 1 or 2 1,5 volt battery operated
equipment), since the number of emitter-base junctions arranged in series between the
supply voltage connections can be reduced to two. In this embodiment the first and the
second mixer transistor fulfil the role of the first transistor in a transformer circuit
according to the invention. The base of the first and the second mixer transistor are in
general coupled to a low impedance signal source, such that these transistors are
arranged in a common base configuration and act as current followers. The portion of
the current from the input signal source flowing through the first and through the
second mixer transistor, is determined by the voltage difference between their respective
bases. However, the input impedance at the first common emitter terminal is the same
as in the case where the first and the second mixer transistor were to be replaced by a
single transistor in common base configuration. Consequently the transimpedance of
both aforementioned cases has the same magnitude, and the signal voltage at the node
may therefore be used to-drive the base of the second transistor.

The following figures clarify the invention.
Figure 1 is a double-balanced mixer circuit with a conventional

transformer circuit as an input stage.
This Sheet Has Been Re
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'Figure 2 is a first embodiment of a trans%ﬁﬁ“n‘é*r circuit aébbrding to the
invention.

Figure 3 is a double-balanced mixer circuit with a second embodiment of
a transformer circuit according to the invention.

Figure 4 is a double-balanced mixer circuit with a third embodiment of a
transformer circuit according to the invention.

Figure 5 is a double-balanced mixer circuit with a fourth embodiment of a
transformer circuit according to the invention.

Figure 6 is a double-balanced mixer circuit with a fifth embodiment of a
transformer circuit according to the invention.

Figure 7 is an embodiment of a double-balanced mixer circuit according

to the invention.

The invention will be described in greater detail with reference to Figures
2t0 7.

Figure 2 shows a first embodiment of a transformer circuit according to
the invention, which is particularly suited for integration on a chip. The asymmetrical
input terminal Al is directly coupled to the node NC. The node NC is commonly
coupled to the emitter of a first transistor 101 via a first impedance 111 and to the base
of a second transistor 102. Transistor 101 is effectively arranged in common base
configuration, since the base of transistor 101 is coupled to signal ground via a
relatively low impedance network constituted by diodes 241, 242 and 243 and
impedance 244 connected in series. Transistor 102, whose emitter is coupled to signal
ground via impedance 112, is arranged in common emitter configuration. The collectors
of transistors 101 and 102 constitute the first and the second symmetrical output
terminals (SO1, SO2) respectively, of the transformer circuit. The components whose
reference numeral comprise a most significant decimal 2’ and impedance 120, serve to
correctly bias transistors 101 and 102, as will be discussed later.

Transistor 101 and impedance 111 can be regarded as a non-inverting
current follower, its input terminal being node NC, its output terminal being terminal
SO1. The input impedance of this current follower is approximately equal to the sum of
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impedance 111 and the emitter impedance of transistor] 101, Transistor-102-and-

impedance 112 can be regarded as an inverting transadmittance amplifier, its input

7 2 & DEC 1996

terminal being node NC too, and its output terminal being terminal SO2. The input
impedance of this transadmittance amplifier is at least an order of magnitude higher than
that of the current follower, Its transadmittance gain, that is the voltage-to-current
conversion factor, is approximately equal to the inverse of the sum of impedance 112
and that of the emitter impedance of transistor 102.

The input current drawn from a signal source connected to the
asymmetrical input terminal AI, will substantially flow into the emitter of transistor
101, thus to the symmetrical output terminal SO1. This because the magnitude of
impedance 111 is relatively low compared to that of impedances 211 and 120, to avoid
unnecessary signal loss. Hence, the input impedance of the transformer circuit is
approximately equal to that of the current follower as indicated above. The signal
voltage at node NC is approximately equal to the product of the input current and the
input impedance of the current follower. This signal voltage is the input voltage of the
transadmittance amplifier indicated above.

Good symmetry between the collector signal currents of transistor 101 and
transistor 102 can be obtained if the product of transimpedance gain and the input
impedance of the current follower, approximates unity gain. Such is the case, for
example, if there is little differgnce the between the bias currents of transistors 101 and
102 and if there is little difference between the impedances 111 and 112. Some
asymmetry may result from the impedance between the base of transistor 101 and signal
ground being non-zero, the so-called ’imperfect’ common base configuration. This
asymmetry may be compensated by a decrement of the magnitude of impedance 111
with respect to that of impedance 112.

The linear operation of the transformer circuit can be understood by
recognizing that the sum of the base-emitter junction voltages of transistors 101 and
102, is constant and equal to control voltage Vc. An input current from a signal source
at terminal Al flowing into the emitter of transistor 101, modulates the base-emitter
junction voltage of transistor 101. This current-to-voltage conversion exhibits a
logarithmic characteristic and is therefore non-linear. Consequently, the base-emitter
junction voltage of transistor 102 is modulated inversely and non-linearly, since the sum
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of the junction voltages is constant. However, the relation between collector current and

base-emitter junction voltage of transistor 102, is also logarithmic. Thus, the non-linear,
logarithmic current-to-voltage conversion (transistor 101), is compensated by the non-
linear, exponential voltage-to-current conversion (transistor .102), such that the transfer
of an input current at terminal Al to an inverse output current at terminal SO2 is
substantially linear.

Impedances 111 and 112 have little influence on the linearity of the
transformer circuit, but do increase the maximum allowable input voltage at terminal
Al, by reducing the input voltage to input current conversion factor. If impedance 111
and 112 were omitted, the conversion of an asymmetrical input signal into a pair of
symmetrical output signal currents, would still be substantially linear, provided the input
voltage remains below the maximum allowable value.

To obtain a stable operation, such that for example the output signal
currents at terminals SOl and SO2 are substantially symmetrical over a wide
temperature range, the transformer circuit shown in Figure 2 is equipped with a bias
control loop. This bias control loop adjusts the base bias voltage of transistor 101,
which is control voitage Vc, to make the bias current of transistor 102 substantially
equal to that of transistor 101. The bias current of transistor 101 is inter alia determined
by the magnitude of impedance 120.

The bias control loop comprises a first and a second current sensing
circuit, formed by transistor 201 in series with impedance 211 and transistor 202 in
series with impedance 212 respectively. The collector currents of transistor 201 and 202
are scaled replica’s of the collector currents of transistor 101 respectively 102. The
scaling factor depends on the ratio between the dimensions of transistors 201 and 202
with respect to transistors 101 and 102 and the ratio between the impedances 211 and
212 with respect to impedances 111 and 112. The collectors of transistors 201 and 202
are coupled to transistors 221 and 222 respectively. The latter transistors form a current
mirror acting as difference detection circuit. The collector current of transistor 201 is
first mirrored, thus inverted, and summed with the collector current of transistor 202, to
generate a difference current flowing into the base of transistor 240 and possible
parasitic capacitances (not shown). The base-emitter junction capacitance of transistor
* 240 integrates inter alia the difference current into a control voltage Vc. The base-
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emitter junction capacitance increases with the size of the transistor 240, which is

relatively large to sufficiently filter out high frequency components in the difference

current. In that case a distinct filtering capacitor between the base connection of
transistor 240 and signal ground is superfluous. Diodes 241, 242 and 243 and
impedance 244 are used to correctly bias transistor 240. Preferably these diodes are
shottky diodes, to promote a temperature independent operation of the transformer
circuit.

In a steady-state situation, the bias currents of transistors 101 and 102 will
be substantially equal. The bias control loop is an integrating control loop that strives
for zero error, that is: zero difference current. A difference between the collector
currents of transistors 101 and 102 results in a2 non-zero difference current, that is
integrated into a continuously changing control voltage Vc. The change in control
voltage Vc corrects at its turn the ratio of the collector currents of transistors 101 and
102, such that the difference current is reduced to zero. Then, the voltage Vc remains
constant.

A change in control voltage Vc mainly affects the bias current of
transistor 102, in the case that the voltage drop over impedance 112 is at least one order
of magnitude less than the base-emitter voltage of transistor 102. The base-emitter
voltage of transistor 102 varies only slightly in function of the transistor bias current.
Since the bias current of transistor 101 substantially flows through impedance 120, this
bias current has to be approximately equal to the quotient of the base-emitter voltage of
transistor 102 and the resistance of impedance 120. Thus, impedance 120 mainly
determines the magnitude of the bias currents of transistors 101 and 102, which bias
currents are kept in balance by the bias control loop, adjusting the control voltage V¢ to
this end.

In order to guarantee starting up of the transformer circuit over a wide
temperature range, a start-up circuit is added comprising transistors 231, 232 and 233
and impedance 234 are added. Transistor 231 and 232 act as current sources, whose
collectors deliver a pair of symmetrical bias currents generating for initial biasing.

An interesting feature of the embodiment described above, is that good
symmetry between the output signal currents is maintained at frequencies only a few
times lower than the cut-off frequencies of the transistors used in the circuit. The
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emitter-base capacitances of transistors 101 and 102, affect the high frequency input
signal transfer via these transistors, to much the same extent. Unbalance of the output

signal at high frequencies, will mainly result from the collector-base capacitances of
transistors 101 and 102. As transistor 102 is arranged in common emitter configuration
and transistor 101 in common base configuration, the collector-base signal voltage of
transistor 102 is larger than the collector-base signal voltage of transistor 101. This
causes a somewhat larger current in the collector-base capacitance of transistor 102.
This current flows from the collector to the internal base, causing a signal voltage
across the internal base resistance of transistor 102.

Figure 3 shows a double-balanced mixer circuit comprising a second
embodiment of a transformer circuit according to the invention. The symmetrical
current outputs SO1 and SO2 of the transformer circuit 100, are connected to the
common emitter terminals 3 and 4 of the mixer transistors. Between the terminals 1 and
2 an oscillator signal may be applied, such that the mixer transistors act as current
switches. For example, when the voltage at terminal 1 is one base-emitter junction
voltage higher than the voltage at terminal 2, xhixer transistors T1 and T4 are
conductive, whereas T2 and T3 are not. Then, the signals currents at SO1 and SO2 are
directed to flow into impedance 5 and 6 respectively. Conversely, when the voltage at
terminal 2 is higher than the voltage at terminal 1, mixer transistors T2 and T3 are
conductive, whereas T1 and T4 are not. Then, the signals currents at SOl and SO2 are
directed to flow into impedance 6 and 5 respectively. Thus the current flowing into
impedances 5 and 6 are aiternately derived from SO1 and SO2.

A difference with the embodiment shown in Figure 2, is that the
transformer circuit 100 of Figure 3 has an input stage, arranged between the between
the asymmetrical input terminal Al and the node NC. This input stage comprises an
input transistor 103 arranged in common base configuration and acting as current
follower. A further difference is that DC blocking capacitor 130 is arranged between
the node NC and the base of transistor 102. The embodiment of Figure 3 does not
require a bias control loop for stable operation. Bias voltages are supplied to terminals
VBI1, VB2 and VB3, which are further supplied to the bases of transistors 101, 102,
103 via impedances 141, 142 and 143 respectively. The bases of transistors 101 and
103 are coupled to ground by capacitors 151 and 153 respectively. Thus transistors 101
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and 103 are arranged in common base configuration—impedance-+3-acts'as passive
ccurrent source and determines inter alia the bias current of transistors 101 and 103.

Capacitor 131 is a DC-blocking capacitor to decouple the emitter bias voltage of
transistor 103 from the DC voltage applied at the asymmetrical input terminal Al

The signal source voltage 10 is converted into an signal current at
terminal Al, which substantially flows to the symmetrical output terminal SO1 via
transistors 101 and 103. The conversion factor is inter alia determined by the source
impedance 11 and the emitter impedance of transistor 103. Preferably, the magnitude of
impedance 113 is some orders of magnitude larger than that of the emitter impedance of
transistor 103, such that most of thé current from signal source 10 flows into the emitter
of transistor 103. The signal current transferred via transistor 103 with nearly unity
gain, is converted into a signal voltage at the node NC. The current-to-voltage
conversion factor is inter alia determined by the impedance 111 and the emitter
impedance of transistor 101.

The signal voltage at the node NC is supplied to the base of transistor 102
via DC-blocking capacitor 130, which constitutes a high-pass network together with
impedance 142. Transistor 102 and impedance 112 constitute an inverting
transadmittance amplifier, supplying a signal current to output SO2 which is phase
opposed to the signal current at terminal SO1.

The embodiment of Figure 3 has some features worth while noting. First
of all the noise performance of this embodiment can be superior to that of the
embodiment shown in Figure 2. This feature relates to the fact that the transfer from the
asymmetrical input terminal Al to node NC, may exhibit a voltage gain. This voltage
gain depends inter alia on the magnitude of impedance 111. As the voltage gain
increases, the noise figure of the transformer circuit shown in Figure 3, decreases, since
the contribution of the noise voltage of transistors 101 and 102 diminishes. With
sufficient voltage gain, the noise voltage of transistors 101 and 102 may become
negligible, such that the noise voltage of only one transistor (103) dominates. This in
contrast to the embodiment of Figure 2, where the both transistors 101 and 102 equally
contribute to the noise voltage at the input terminal Al, since they are both effectively
arranged in series with this terminal.

As the frequency increases, the maximum obtainable voltage gain in the
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embodiment shown in Figure 3 diminishes and consequently the noise figure will

 deteriorate. At a frequency being an order of magnitude less than the cut-off frequency

of the transistor 103, the noise figure of the embodiment shown in Figure 2 may be
superior to the one shown in Figure 3. In the transformer circuit shown in Figure 2,
two transistors (101,102) have dominant noise contribution, whereas in the embodiment
of Figure 3 three transistors may have contribute to the noise of the transformer circuit.
Thus, with relatively low frequency input signals, an embodiment comprising an input
stage as shown in Figure 3, may be preferred and with relatively high frequency input
signals, an embodiment without an input stage as shown in Figure 2, may be preferred.

A second interesting feature of the transformer circuit as shown in Figure
3, is that a higher gain may be obtained compared to the known transformer circuit,
when both circuits have similar performance with respect to noise, linearity and current
consumption. Gain is defined as the conversion factor of an asymmetrical input signal
source voltage to a pair of symmetrical output signal currents. The gain of both the
known transformer circuit and that of one according to the invention is inter alia
determined by the magnitude of the sum of the source impedance 11 and the input
impedance at the asymmetrical input terminal Al of the transformer circuit.

As an illustration of said feature, assume the bias currents of transistors
TS and T6 in circuit of Figure 1 and transistors 101, 102 and 103 in the circuit of
Figure 3 to be 1 milliAmpere. This limits symmetrical output signal currents at SO1,
SO2 of both circuits to a peak value of 1 milliAmpere. The input impedance at the
asymmetrical input terminal Al of the transformer circuit in Figure 3, will be
approximately 25 Ohms, the emitter impedance of a typical silicon bipolar transistor
biased at 1 milliampere. The impedance at Al of the transformer circuit in Figure 1,
will be approximately 2 times 25 Ohms, if the transformation ratio of transformer 1 in
Figure 1 is 1:1. This because the emitter impedance of transistors TS and T6 are
effectively arranged in series. Due to the higher input impedance of the known
transformer circuit in this example, its gain will be less. Changing the transformation
ratio will either further reduce the gain or deteriorate the linearity and noise
performance of the circuit.

The double-balanced mixer circuit shown in Fxgure 4 comprises a third

embodiment. of a transformer circuit according to the invention. Different from the



26 DEC 19% Thﬁ,siji"‘ R
=N« R
second embodiment of Figure 3, the transformer circuit 100 of Figure 4 comprises a so-

called cascode transistor 104, which is arranged between the collector of transistor 102
and the symmetrical output terminal SO2. This cascode transistor acts as a signal

nsroncma

current follower, since it is arranged in common base configuration, by coupling its
base to signal ground via capacitor 154. Cascode transistor 104 receives at its base a
bias voltage applied at terminal VB4 via impedance 144.

A cascode transistor arranged in series with the second transistor, as
shown in Figure 4, may help to improve the symmetry between the output currents at
terminals SO1 and SO2. In the embodiment of Figure 4, the collector bias voltage of
transistor 102 is independent from the collector bias voltage of transistor 101,
determined by the voltages applied at terminals 1 and 2. In contrast with the
embodiment of Figure 3, the collector bias voltage of transistor 102 can be adjusted by
the bias voltage applied at terminal VB4, which is an additional parameter to reduce
asymmetry between the output signal currents. Asymmetry may be caused By the so-
called 'Early-effect’ of the transistors, which is inter alia determined by the voltage
across the collector-base junction. The influence of the Early effect on the output signal
currents at SO1 and SO2 can be balanced by adjusting the bias voltage applied at
terminal VB4.

Figure 5 shows a double-balanced mixer circuit comprising a fourth
embodiment of a transformer circuit according to the invention. Compared to the third
embodiment shown in Figure 4, the passive current source for biasing transistors 101
and 103, that is impedance 113 in Figure 4, is replaced in Figure 5 by an active current
source comprising transistor 105 and impedance 115. The bias current from this active
current source is determined by the value of impedance 115 and the bias voltage applied
at terminal VBS, which is further applied to the base of transistor 105 via impedance
145. The base is decoupled to ground via capacitor 155, inter alia to prevent possible
parasitic high frequency components on the bias voltage applied at términal VBS, from
parasitically modulating the active current source.

The embodiment shown in Figure § offers the advantage, that due to the
high collector impedance of transistor 105, almost all the input signal current at
terminal Al is directed to flow into the emitter of transistor 103. The gain of the
transformer circuit presented in Figure 5 may therefore be higher than that of Figure 4,
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especially when the circuits are to operate at low supply voltages. To enable low
voltage operation, the DC resistance value of impedance 113 is to be kept small to limit
the voltage drop across its terminals. The magnitude of the impedance 113 (Figure 4) at
input signal frequencies, could be enlarged using an inductor. However, only small
inductances can be integrated on a chip. Thus, the magnitude of the collector impedance
of transistor 115 in Figure 5, will generally be higher than that of impedance 113 in
Figure 4.

Figure 6 shows a double-balanced mixer circuit comprising a fifth
embodiment of a transformer circuit according to the invention. In this embodiment, the
input transistor 103 and its associated elements (impedance 143, capacitor 153 and
terminal VB3) shown in Figure 5, are omitted. Thus, the asymmetrical input terminal
Al is coupled to the node NC via passive elements only. A similar case is shown in
Figure 2, of which the embodiment equally does not comprise an input transistor
between the terminal Al and the node NC.

Omitting the input transistor 103 shown in Figure 5, may be an option if
the circuit is to operate at relatively low supply voltages. However, this may have a
detrimental effect on the noise performance at relatively low frequencies, since there is
no longer a voltage gain between the terminal Al and the node NC. To obtain the same
gain at the same current consumption with respect to the embodiment shown in Figure
5, impedances 111 and 112 of the embodiment shown in Figure 6 are to be omitted too
(not shown).

, A double-balanced mixer circuit according to the invention, very well
suited to operate at relatively low supply voltages, is shown in Figure 7. Compared to
Figure 3, transistor 101 and its associated elements (impedance 141, capacitor 151 and
terminal VB1) have been omitted. The gist of the circuit shown in Figure 7, is that
mixer transistors T1 and T2 can take over the function of transistor 101. In practice
terminal 1 and 2 are coupled to an oscillator signal source, whose source impedance is
relatively low, such that mixer transistor T1 and T2 are effectively arranged in common
base configuration. The impedance at the common emitter terminal 3 is practically equal
to the emitter impedance of transistor 101 in Figure 3, assuming that transistor 103 of
Figure 3 and transistor 103 of Figure 7, are biased at the same current. Thus, the signal
- current from the signal source 10 will substantiaily flow to common emitter terminal 3
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via transistor 103, and produce a signal voitage at the node NC. This signal voltage can
be used to drive transistor 102, such that its collector current and the current flowing to

i

common emitter terminal 3 are substantially symmetrical.

Although the double-balanced mixer circuit presented in Figure 7, can
operate at lower supply voltages than the circuits of Figures 3 to 6, it may exhibit a
higher level of spurious signals at the asymmetrical input terminal AI and in the mixer
output voltages across impedances 5 and 6 respectively. Such spurious signals originate
from an oscillator signal applied at terminals 1 and 2, producing a residual signal at the
common emitter terminals 3 and 4, substantially composed of the second harmonic of
the oscillator signal. In the circuits shown in Figures 3 to 6, transistor 101 is arranged
between the common emitter terminal 3 and the node NC. Transistor 101 prevents, to a
large extent, a cross-talk of the residual signal at the common emitter terminal 3 to the
node NC. In the circuit shown in Figure 7, however, there will be little cross-talk
attenuation of the residual signal to the node NC. Such an unwanted residual signal at
node NC, may further cross-talk t> the asymmetrical input terminal Al. Moreover, it
also modulates the collector current of transistor 102 and consequently produces a
parasitic component in the mixer output voltage.

While 6 embodiments are shown and described to clarify the invention, a
person skilled in the art may conceive many other alternative embodiments of a
transformer circuit or a double-balanced mixer circuit, without departing from the spirit
and the scope of the invention claimed. The circuitry to bias the first and the second
transistor, may differ from that in the embodiments as described. Passive currents
sources, for example impedance 113, or active current sources, for example transistor
105 and impedance 115, may be used alternatively. Cascode transistors may be
arranged between the collector of the first transistor and the first symmetrical output
terminal, as well as additional cascode transistors between the collector of the second
transistor and the second symmetrical output terminal. Alternative input stages can be
arranged between the asymmetrical input terminal AI and the node NC.

Wherever in the text a circuit element is designated as *impedance’, it is
to be understood that this element may be resistive and/or inductive. For example,
impedances 111 and 112 as shown in Figure 2 to 7 may comprise integrated inductors,
to improve the high frequency noise behaviour of the circuit. Impedance 113 in Figures
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3, 4 and 7 could be an inductor, being an external component arranged between the
input pin of an integrated transformer circuit and signal ground. In this case capacitor
131 would also be an external component. Thus, it will be evident that, although the
transformer circuit is very well suited for integration on a ghip, not all of its elements
need to be integrated.

Furthermore, having knowledge of the invention, it will be obvious for a
person skilled in the art, that the effectiveness of the invention does not rely on the use
of bipolar NPN transistors as shown in the embodiments. Alternatively, field-effect
transistors may be used, in which case emitter, collector and base in the present
Application should read: source, drain and gate respectively. Furthermore, it will be
evident that the polarity of the transistor is of no interest: instead of bipolar NPN or N-
channel field effect transistor, PNP or P-channel field-effect transistors may be used.

In a double-balanced mixer circuit, the symmetrical output terminals of
the transformer circuit (SO1, SO2), need not to be directly coupled to the common
emitter terminals (3, 4) of the differential mixer transistor pairs. For example, DC-
blocking capacitors may be arranged between the symmetrical output terminals and the
common emitter terminals, in order to bias the differential mixer transistor pairs
independently from the transformer circuit.

The application of a transformer circuit according to the invention, is not
limited to double-balanced mixer circuits. It can also be applied advantageously in other
types of circuitry, where a conversion of an asymmetrical signal into a pair of
symmetrical signals is required. For example in automatic gain control (AGC)
amplifiers comprising two differential pairs as balanced voltage controlled current

attenuators.
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of substantially symmetrical output signal currents, comprising a first and a second
transistor, the emitter of the first transistor being coupled to an asymmetrical input
terminal, the collector of the first transistor and the collector of the second transistor
being coupled to a first and to a second symmetrical output terminal respectively,
characterized in that the asymmetrical input terminal is coupled to a node commonly
coupled to the emitter of the first transistor and to the base of the second transistor, the
first and the second transistor being arranged in common base configuration and in
common emitter configuration respectively.

2. Transformer circuit according to Claim 1, characterized in that a first
impedance is arranged between the emitter of the first transistor and the node and that a
second impedance is arranged between the emitter of the second transistor and signal

ground.

3. Transformer circuit according to Claim 2, characterized in that an input
stage is arranged between the asymmetrical input terminal and the node.

4, Transformer circuit according to Claim 1, 2 or 3, characterized in that a

cascode transistor in common base configuration is arranged between the collector of
the second transistor and the second symmetrical output terminal.

5. " Transformer circuit according to Claim 1, 2, 3 or 4, characterized in that
a DC-blocking capacitor is arranged between the node and the base of the second
transistor.

6. Transformer circuit according to Claim 1, 2, 3 or 4, characterized in that
it comprises 2 bias control loop comprising a first current sensing circuit coupled to the
first transistor, a second current sensing circuit coupled to the second transistor, a
difference detection circuit with a first and a second input coupied to the output of the
first and the second current sensing circuit respectively, the output of the difference
detection circuit being coupled to the base of the first transistor via at least one loop
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capacitor.

7. Transformer circuit according to Claim 6, characterized in that a loop
transistor is inserted between the output of the difference detection circuit and the base
of the first transistor, the base-emitter junction of the loop-transistor constituting said
loop capacitor.

8. A double-balanced mixer circuit comprising a first differential pair of first
and second mixer transistors, whose emitters are coupled to a common first emitter
terminal, a second differential pair of third and fourth mixer transistors, whose emitters
are coupled to a common second emitter terminal, the bases of the first and the fourth
transistor and the bases of the second and the third transistor being coupled to a
common first and a common second base terminal respectively, between which base
signals a mixing signal may be applied, characterised in that the first common emitter
terminal and that the second common emitter terminal are coupled to a first symmetrical
output terminal and a second symmetrical output terminal respectively, of a transformer
circuit according to one of the precedings Claims.

9. A double-balanced mixer circuit comprising a first differential pair of first
and second mixer transistors, whose emitters are coupled to a first common emitter
terminal, a second differential pair of third and fourth mixer transistors, whose emitters
are coupled to a second common emitter terminal,l the bases of the first and the fourth
transistor and the bases of the second and the third transistor being coupled to a first
common and a second common base terminal respectively, between which base
terminals a mixing signal may be applied, characterised in that the asymmetrical input
terminal is coupled to a node being commonly coupled to the first common emitter
terminal and the base of a transistor, being arranged in a2 common emitter configuration,
its collector being coupled to the second common emitter terminal.

—_—
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Abstract:

Transformer circuit, double-balanced mixer.

The invention relates to an integratable transformer circuit for converting
an asymmetrical input signal into a pair of symmetrical output signal currents, requiring
one IC connection pin only. The circuit exhibits a low input impedance combined with
good noise, gain and intermodulation performance up to high frequencies. The
asymmetrical input terminal of the circuit is coupled to a node commonly coupled to the
emitter of a common base transistor and to the base of a common emitter transistor.
The common base transistor acts as non-inverting current follower, the common emitter
transistor as inverting transimpedance amplifier. An input signal current is transferred to
a first symmetrical output terminal via this node and the common base transistor,
thereby producing a signal voltage at the node. This signal voltage modulates the
collector current of the common emitter transistor, which is in phase opposition with the
input signal current and is transferred to the second output terminal.

FIG. 2
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" CONVERTER CIRCUIT AND DOUBLE-BATANCED MIXER

The tnvent;cn relales to a convearter circuit for con-

~ varting an asymmetrlcal input signal into & pair of sub-

stantially symmetrical output signal cutrents, compris-
ing a first and a secand transistor, the emitter of the first
transislor being coupled to an asymmstrical input termi-
‘nal, the collector of tha first iransistor and the collector
ol the second transistor being coupled to a first and 10
a second symmetrical outpul lerminal respactivaly.
The invention also reiates to a double-balancsd

" mixer eircult

EP-A-Q 131 337 describes a conventaer circuit which

~ Is used as an input stage 100 in a double-balanced mix-

er circuit, as shown in figure 1. It8 symmetrical output
tarminais SO1 and SOZ2, are coupled to the common
emitier 1arminais 3 and 4 of the differsntial mixer tran-
sistor pairs T1, T2 and T3, T4 respsactively.

In the known convensr circuit both the emitter of a
firs1transistor 75 and a second transistor 16 are coupled
tc the asymmetrical input terminal Al, via an inductive
transformer 12, The inductive transtormer converis the
asymmaetrical signal fromn signal source 10 into a pair of
symmetrical signals a1 the emitters of transisior TS and
T6. Thus the signals applied at the emitters of transistors
TS and T6 ars in phase cpposition. Since the bases of
transistors TS and T6 are connected to signal ground,
these transistors consiitute a symmaetrical current tol-
lower. The pair of symmstrical signal currents at the
emitiore ol these lrunslelors, IS transierred with nsarly
unily gain to a pair symmetrical cutput signal currents

at terminals SO1 and SO2.

Although the known converter circutt is suitable to
be used in a high pertormance receiver front-end, it in-
herently requires an inductive ransformer to transform
an asymmeilrical input signal into a pair of symmetricai
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- signals. Such an inductive transformer is relatilaly ax-

pensive and occupies a relalively largs space. More and
‘mors recelver lunctiuns are integrated on a single chip

* to meet the demand for cheap and small size receivers,
for example in cordless 1elephony. The inductive con-
verter is unsulted 1o ba Integrated on a chip. Funther-
more, a1 least two connection pins are required to couple
lhe inductive transformer to the intagratad camponents
of the convenrter circull. The number of conneclion pins
may increzse and herewith 1he size and ths price of the
housing of the chip. _

As such, convertar circuils are known that do not
require an inductive transformer. For example, EP-A
0,351,639 discloses an input circutt for a high frequsncy
ampliflor uaing four transistors, the emittars of both a -
first and a second transistor are connacted to a refer-
ence point. The base of the first transistor conslitutes
an asymmetrical Input terminal of the circuit and the
base of the second transistor is conneacted 1a the collec-
tor of the first transistor. The collector of the first transis-
tor ic connacted to the emitter of tha third transistor and
the collector of the second transistor is connected 10 the

amiller of the feunth transistor. The basas of the third
and fourth transistor arc connected with cach other and
al least one of the collectors of the third and fourh tran-
sistor is connectad 10 a current sourca.
DE-A-28,39,081 describes a long-tail pair input
‘stage in double-balanced mixer circuil. Howsever, the
parformance of the long-tail pair input stage is inferior
to that of the convarter circuit as disclesed in EP-A-
0,131,337. Fliral of all, the long-tall pair input stage ex-
hibits a worse naiss and intermodulation behaviour, as
explained in the aformentioned European Pateni Appli-
cation. Sacondly, the long-tail pair input stage has arsl-
atively high input impedance, comparedto the converter
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. cireuit disclosed in EP-A-0,131,337. This makes tho
* long-tail pair input stage more susceplible o intarterenc-
- es due lo parasitic capacitlve couplings of unwanted sig-
" nal sources with the asymmetrical input terminal. Third-
ly, the symmatry between the pair of output signal cur-
rents, applied al the common emitter terminals of the
two pairs of mixertransistors, will in genaralbe less than
that of the known converter circuil aisclosed in EF-A-
0.131,337. i

it is intar alia an object of the invenlion 1o provide a
convertar circuit lor converting an asymmetrical input
signal into a palr of substantially symmetrical cutput sig-
nal currents, that has a performance comparabilse lo thal
of the known converter clrcult comprising an inductive
ransformer, but which is more suiled tc integration on
a chip and which requires only one input connsaction pin
and less valuminous and/or oxponsive external compe
nents,

To this end the convener circuit as spacified in the
opening paragraph Is characterized in thal the asym-
metrical inpul termina! is coupled lo a node commonly
coupled 1o the emitter of the first lransistor and to the
base of the second transistor, the first and the sacond
transisier being arrangad in common base configuralion
and in common emitter configuration respectivaly.

The invention iz baged on the recognition that a pair
ol symmetrical output signal currents can be obtained
by directing an input current from the signal seurce to
flow to the first symmetrical cutput terminal via the tirst
transistor and that at leas! he signal voltaga across the
emitier-base junction of the first transistor, should bs
used to drive the second transistor, which can provide
a collactor current that is substantially in phase opposi-
tion with the collector current of the first transistor. The
first transislor s arranged in common base conliguralion
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and constitutes a non-inventing current fellowsr, where-

~ - as the second ransistor is arranged in common smitter

conflguraticn- and conslitutes an inverting transadmit-
-ance ampiifier.

The input current from the signal source transtarred

. 1o1hs nods, will substantially flow Into tha emitter of the

 tirst transistor, since the input impedance of tha curent

Tollower is rslatively low. The signal voltage at the node

- results from a current-to-voltage conversion (iransim-

pedance), dus to the ndn-zero input impedance of tha
current loliower, This signal voltage is appliad at the
bass of the second transistor, and modulates its collec-
tor current, which will be in phase opposition with that
of the first transistor. The voltage-io-current conversion
- {Iransadminance) by thse sacond transistor, can be
made substantially inverss to that of the previousiy men-
tioned current-1o-voltage conversion, such that the col-
lactor currents of the first and the second iransistor are
substantially symmetrical,

A preterred embodiment of the converter circult ac-
cording to the invention. is characterized in that a first
impadance is arranged between tha emitter of the first
transistor and the node and that a second impedance is
arranged betweon the emitter of tha sacond iransistor
and signal ground, The addition of impedances in series
with the emitters of the first and second transistors, im-
proves the large signal handling and/or the noise behav-
iour of the circuit. .

A turther preferred embadiment of the converter cir-
cuit according lo the invention, is characterized in that
an input stage is arranged betwsen the asymmelrical
input 1erminal and the node. The noisa figure of this em-
bodiment is comparable to that of the known converter
circuit and is mainly determined by tha input stage. The
input stage provides powser gain, such that the noise
contribution of the first and the second transisiors with
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~ heir respective emitter series impedances, is relatively
~ small compared to that of the input stage, |

. Alunner preferred embodiment of the converter cir-
‘cult according 1o the invention, is characlerized in that
. & cascods transistor in common base configuration is
. arranged betwsen the collsctor of the sacond transistor
and the second symmaetrical output lerminal, The cas-
code Iransistor may help 10 improve the symmstry of the
‘pair of oulput signal currents, by squalizing the collec-
tor-base voltage difference of the first and the second
transistor, such that the so-called 'early effect’ affects
ihe signal transfer via both transgisiers 1o the same ex-
tent. ‘

in order to improve the siability in biasing the con-
verler cireult according 1o the invention, an smbodimant
is preferably characterized in that a DC-biocking capac-
itor is arranged betwaen the node and the base of the
sacond transistor, 1o decouple the bias voltage of the
emitter of the first iransisior from the bias voliage of the
base of the secaond ransistor,

Said improvement is altemativsly achieved by an-
other pretarred emzodiment of the converer clrcuit ac-
cording 1o the invention, being characterized in that it
comprises a bias control loop comprising a first current
sonsing circuit coupled 1c the first transistor, 8 second
current sensing circuit coupled to the second lranaistor,

‘a differance detection circuit with a first and a second
input coupled 1o the outpul of the first and the second
current sensing circuit respectively, the output of the dit-
ference deteclion circuit being coupled 1o the base of
the first \ransistor via a1 least one loop capacitor.

When the converter circuil is equipped with such a

bias control locp, it is possible 1o obtain stabla biasing
of the circuit witheut the use of said DC-blacking capac-
itor. This conventer circuit may advantageously be used
when parasitic capacitances, introduced by said DC-
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- blocking capacitor, give rlee 10 an unacceptabie asym-
" metry in the pair of cutput signal currents and/or when
said DC-blocking capacitor requires too much chip-ar-
ea. '

A further preferred embodiment based on the afore-
mentionad embodiment of the converter circuit accord-
ing 1o the invention, is charactsrized in that a locp tran--
sistor is insertad batwsen the output of the difference
~ detsction circuil and the base of the first transistor, the

' base-emitter junction of the loop transistor conalituting
said loop capacitor.

An embodiment of a double-balanced mixer circuit
according 1o the invention Is defined In claim 3.

This embodiment of a double-balanced mixer clicuit
is panicularly suitad to operale at vary low supply volt-
ages (e.g.in 1 or 21,5 volt battery operatad equipment),
since the number of emitter-base junctions arranged In
series betwean he supply voltage connections can be
reducsd {0 two. In this embodiment the first and the sec-
ond mixer transistar tulfil the role of the first transistor n
a convenaer circuit according lo the invantion. The base
of the first and the second mixer transistor are in gensral
coupled 1o a low impedance signal source, such that
these ransistors are arranged in a common base con-
figuration and act as currenl [ollowers, The portion of
the current 1rom the Input signal source fiowing through
the first and through the second mixer transistor, is de-
termined by the vollage difference between their re-
spective bases. However, the input impedance at the
first common emitter terminal is the same as in the case
whers the first and the second mixer \ransistor were to
be replaced by a singie transistor in common base con-
figuration. Consequently lhe transimpsdance of both
atorementionad cases has the same magnilude, and
he signal vollage ut the node may thorelare be uaed to
drive the base of the second transistor.
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The following figuras clarify the invention.
-Flgure 1 is & double-balanced mixsr circult with a
. conventicnal converter circuit as an input slage.

Figura 2-is a first ambodimant of a conventar circuit
-according 1o the invention.

Figure 3 is a double-balancsed mixer circuit with a
sscond embodiment of a converter circuil according 1o
the invention.

Figure 4 is a double-balanced mixsar circuit with a
third embeodiment of a convenrtar circuit according to the
invention.

~ Figure S is a double-balanced mixer circuit with a
fourth embodiment of a converter circuit accordingto the

" . Invention.

Figurs 8 is a double-balanced mixer circuit with 2
tifth embodiment ol a convenar circuit according 1o the
invention,

Figure 7 is an embodiment of a double-balancad
mixar circuit aceording to the invention.

The invention will be describad in greater detail with
referaence to Figures 210 7.

Figure 2 shows a first smbediment of a convener
circuit according o the invention, which s panticularly
suited lor inlegration on a chip. The asymmetrical input
terminal Al is directly coupled 10 the node NC, The node
NG is commonly coupled to the emitter of a first transis-
lor 101 via a first impedance 111 and to the base of a
second transistor 102. Transistor 101 is sffectively ar-
ranged in cornmon bage configuration, sinca the base
of transistor 101 is coupled o signal ground via a rela-
lively low impedance network constituled by dicdes 241,
242 and 243 and impedance 244 connected in series.
Transistor 102, whose emittar i8 coupled fo signal
ground via impedance 112, is arranged in common smit-
ter configuration. The collecters of transistors 101 and
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102 constitute the first and the secand symmetrical out-
- put tarminals (SO1, SO2) respactivaly, of 1he convener

circuit. The components whose referance numeral com-
" priss a most signiticant aacimal '2' an@ impedancs 120,
serve lo correctly bias transistors 101 and 102, as will -
be discussed later. ' S
' Transistor 101 and impedance 111 can be regarded
as 8 non-inverling current foliower, its input teminal be-
ing node NC. ite output lerminal baing terminal SO1 .The
inputimpedance of this current followar is approximately
equal to the sum of impedance 111 and the emitter im-
pedance of transislor 101. Transisior 102 and imped-
ance 112 can be regarded as an inverling transadmits
tance amplifier, ita input terminal being node NC too, and
its output terminal being teminal SO2. The input imped-
ance of this transadmittance amplifier Is at lpast an order
of magnitude higher than that of the currant follower. Its
ransadmittance gain, tha! is tha voltage-to-current con-
version factor, is appraximately equal 1o the inverse of
the sum of impedance 112 and that of the emitter im-
padance of ransistor 102,

The input currenl drawn from a signal source con-
nected to the asymmetrical input terminal Al, will sub-
slaniially flow into the emifter of lansislor 101, thus lo
the symmaetrical output terminal SO 1. This becauss the
magnitude of impedance 111 is relatively low compared
1o that of impedances 211 and 120, to avoid unneces-
sary signal loss. Hance, the input impedance of the con-
vener circuitis approximately aqual to that of the current
follower as indicatad above. The signsal voltags at nods
NC is approximatsly egqual lo the product of the input
currant and the inpul impadance of ths current followsr,
This signal vohage is the input voitage of the transad-
mittance amplifier indicated above.



¢ e e,
ot o,
QUL

I

IREPLACENERT Sy
] T
g ] iwmm ]

Goed symmelry between the coliecto -

‘rents of transistor 101 Bnd transistor 102 can be ob-
* . 1alned if the product of transimpedance gain and the in-
- putimpedancs of the current follower, approximates uni-
ty pain. Such is the case, for exampis, if thete is little
difference the bstwean the bias currents nf transistors
101 and 102 and if there is littis diflerence between the
impedancas 111 and 112. Soma asymmalry:i may result
{from the impedance betweon tha base of transistor 101
and signal ground baing non-zero, the so-cailed 'impar-
fect’ common base configuration. This asymmetry may
be cocmpensaled by & decrament of the magnitude cf
impedance 111 with respect 10 1hal of impedanca 112,

The linear opseration of the converler circuit can be
undersicod by rscognizing that the sum of the base-
smitier junclion Voitages of transistors 101 and 102, is
consalant and equal to contral voltage Vc. An input cur-
ren! from a signal source at terminal Al flowing into the
emitter of transistor 101, mndulates the bass-emitlar
junction voltage of transistor 101, This curraent-lo-voll-
age conversion exhibits a logarithmic characteristic and
is therefora non-linear. Consaquently, the base-emitter
junction voltage of transistor 102 is modulated inverssly
and non-linsarly, since the sum of the junction voltages
Is constant. However, the relation between colisclor cur-
rent and base-emiller junction voitage of transistor 102,
is also logarithmic. Thus, the non-linear, logarithmic cur-
rent-to-veitage conversion (transietor 101), is cempen-
saled by lhe non-linear, axponentiai votage-fo-current
conversion {iransistor 102), such that the transfer of an
input currant at terminal Al to an inversa autput currant
at tarminal SO2 is substantially linear.

impedances 111 and 112 have fittle Influsnce on tha
hinearity of the convertar circuit, but doincreass tha max-
imum allowable input voitage at lerminal Al, by reducing
the input voltage 1o input current conversion [actor. If

o~
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impedance 111 and 112 wers omltled, the convsrsion of
.an.asymmselrical input signal into a palr of symmelrical
- oulput signal currents, would siill be subslantially linear,

-. provided the input voltage remains below the maximum
allowable value.

To obtain a stable operation, such that for sxample

the cutput signal currants at terminals SO1 and SO2 are

- substantially symmetrical over a wide temperaturs
range, the c¢onverter circuit shown in Figure 2 is
équipped with & bias gontral loep. This biaa central locp
adjusts the base bias voltags of transistor 101, which is
control vailage Ve, lo maka the bias current of transistor
102 substantially equal to that of transistor 101, The bias
current of transistor 101 is inter alia detemmined by the
magnitude of impedance 120.

The bias control loop comprises a first and a second
current sensing circuit, formed by transistor 201 in se-
ries with impedancs 211 and transister 202 in serias with
impedance 212 respectivaly. The callactor currents of
transistor 201 and 202 ara scaled raplica's of the collac-
tor currents of transistor 101 raspeclivaly 102. The scal-
ing lactor depends on the matle between the dimensions
of irenaistors 201 and 202 with respect to transistors 101
and 102 and the ratio between the impedancas 211 and
212 with respect 1o impedances 111 and 112. The col-
lectors of transistors 201 and 202 are coupled to tran-
sistors 221 and 222 respectively.. Ths latter lransislors
form a cirrent mirror Acting as diference datection cir-

cuit, The colleclor current of transistor 201 is first mir-
rored, thus inverted, and summed with tha collector eur-

rent of transistor 202, (o generale a difference current
flowing intoc the base of transistor 240 and possible par-
asitic capacitances {not shown), The base-emifier junc-
tion capacitance of \ransisior 240 integraies inter alia
the differencs current into a control voltage Vc, The
base-emitter junction capacitance increasss with the
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- size ofthe transistor 240, which is ratatively largste-sut=
ficiently filter out high frequency components in the dif-
farence current. In thet case a distine! filtering capacitor
betwsen the base connection of fransistor 240 and sig-
nal ground is suparfluous. Diodes 241, 242 and 243 and
impedance 244 are used ta correcily bias transistor 240.
Prefsrably these dicdes are shotlky dicdes, to promote
a temparalure independent operation of the converter
cireuit.

In a steady-stata situation, the blas currants of tran-
sistors 101 and 102 will be substantially equal. The bias
contrel joop Ie an Integrating eontrol inop that strives for
Zero error, that is: 2ero differance current. A difference
betwesn the collector currents of transisiors 101 and
102 results in & non-zero difference current, thal is inte-
grated into a conlinucusly changing control voltage Ve,
The change in control volhage Ve corrects at fis turn the
ratio of the colieclor currenis of transistors 101 and 102,
such that the difference current is reduced o zerc. Then,
the vollage Vc remains constant.

A change in control voltage Vc mainly affects the
bias current of ransistor 102, inthe case that the veoitage
drop over impedance 112 is at least one order of mag-
nitude less than the base-smitler voltage of transistor
102. The base-emitter voltage of-transistor 102 varies

only slightly in function of the transistor bias current.
Since the bias current of transistor 101 substantially

 flows through impadancs 120, this bias currenl has to
" be approximately equal to the quotient of the base-emit-
ter voltage of transistor 102 and the resislance of im-
pedance 120. Thus, impedance 120 mainly determines
the magnitude of tha biias currents of transistors 101 and
102, which bias currents are kept in balance by the bias
control ioop, adjusting the control vollage Ve 1o this end.

In order to guarantee staning up of the convener
circuil over a8 wide temperalurs range, a starl-up circult
is added comprising transistors 231, 232 and 233 and
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" impedance 234 are added. Transistor 231 and '232-gct
.88 current sources, whose collectors deliver a pair of
_symmaetrical bias currents generating for inttial biasing.
An inlarasting feature of the embodiment deacribed
above, is that good symmetry betwsen the output signal
currenis s maintained at frequencies only a few times
lower than the cut-off frequoncies of the transistors used
in the circuit. The emittar-base capsacitances of \ransis-
tors 101 and 102, affect the high frequency input signal
ransfer via thaese transistors, 10 much the same exient.
Unbalance of the oulput signal at high frequencies. will
mainly result frem the collector-base capacitances of
" tranaistors 101 and 102. As transistor 102 is arrangad
in common emitter configuration and transistor 101 in
common baso configuration, tha collactor-base signal
voltage ol tranaieter 102 s largerthan the collectcr-base
signal voltage of transistor 101. This causes a same-
what {arger current in the collector-base capacitance of
transistor 102. This current flows fram the coilector 1o
the internal base, causing a signal voitage across the
internal base resistance of transistor 102.
Figure 3 shaws a double-balanced mixer circuit

comprising a second embodimsnt of a convertsr circuit
according o the invention. The symmetrical currant out-

puts SC1 and SO2 of the converter circuit 100, ara con-
nected to tha common emitter tarmingls 3 and 4 of the
mixer transistors. Betwean the tarmmals 1 and 2 an os-
cillator signal may be applied, such that the mixer tran-
glstors act a8 currant awilches, For example, when the
voltage alterminal 1 is one base-emitler junction vollage
highsr than the voltage at tarminal 2, mixer ransistors
T1 and T4 are conductive, whareas T2 and T3 are not.
Then, the signals currents al SO1 and SO2 are directad
to flow into impedance 5 and & respectively. Conversaly,
when the vollage at terminal 2 is higher than the vohage
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at terminal 1. mixer lransistors T2 and T2 are conduc-
_ tive, whereas T1 end T4 are not. Then. the signals cur-
- rents at SO1 and SO2 are direcled to flow inlo imped-
" ance &'and 5 respectively. Thus the current flowing into
- impedances S and € ars alternatsly derived from SO1
and SC2.
A difference with the embodiment shown in Figure
2, is that the convener circuil 100 of Figure 3 has an
input stage, arrangad bsetwesn tha between the asym-
metrical input tarminal Al and the noda NC. This input
stage comprises an Inpul transistor 103 arranged in
. common base configuration and acling as current fol-
lower. A further differsnce is that OC blocking capacitor

13

' . 130 is arranged between the nads NC and the base of

transistor 102. The embaodiment of Figure 3 does not
requira a blas control locg for siable oparation. Bias volt-
ages are supplied to lerminais VB1, VB2 and V83,
which are further supplied to the bases of transistors
101, 102, 103 via Impedances 141, 142 and 143 raspec-
tively. The bases of transistors 101 and 103 ars coupled
10 ground by capacitars 151 and 153 respectively. Thus
Iransistors 101 and 103 are arranged in common base
configuration. Impedance 113 acts as passive current
source and determines inter alia the bias current of tran-
sistors 101 and 103. Capacitar 131 is a DC-blocking ca-
pacitor o decoupls the emitter bias voltage of transistor
103 from the DC voitage applied at the asymmetrical
input terminal Al.

The signal source voltage 1Q is ccnvened nto an
signal current at terminal Al, which substantially flows
to the symmetrical outputl terminal SO1 via transistors
101 and 103. The conversion factar is inter alia deter-
mined by the sourcs impedance 11 and the emitter im-
pedance of transistar 103, Preferably, the magnitude of
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~ -impedance 113 |s some orders of magnituds larger than
- . hatot the amittar impaedance of tranaistor 103, such that
mast of ths current trom signai source 10 flows into the

_ amitier of transistor 103. The signal current transfarred
via transistor 103 with nsarly unity gain, is convened into ..
a signal voltage at the node NC, The currenido-voltage

' conversion factor is inter alia determined by tha imped-
ance 111 and the eminter impedance ol transistor 101,

The signal voltags at the nods NC is supplied 1o the
base of transistor 102 via DC-blocking capacitor 130,
which constitutes a high-pass network together with im-
pedance 142, Transistor 102 and Impedance 112 con-
stitule an inverting transadmittance amplifier, supplying
a signal current 1o output SO2 which is phase opposed
to the signal current at terminal 301.

The ambodiment of Figure 3 has some fsalures
warth while noting. First of all the noise performance of
this embodiment can be superior {o that of the embodi-
ment shown in Figure 2. This feature relates 1o the {act
that the transter from the asymmetrical input terminal Al
10 nods NC, may exhibit a voltage gain. This voltage
gain depands inter alia on the magnitude of impedance
111. As the voltags gain increases, the noisa figure of
tho convortor oireuit shown in Figure 3, dosroasas, since
the contridution of the noise voltags of transistors 101
and 102 diminishes. With sufficient voltage gain. the
neise voltage of transistors 101 and 102 may become
negligible, such thal the noise voltage of only ons tran-
sisior (103) deminates. This in contrast to the embodi-
ment of Figure 2, where the both transistors 101 and
102 equally contribute to the noiss voltage al the input
lerminal Al, since thay ara both effectively arranged in
saries with this terminal

As the lrequency increases, the maximum obtaina-
bie voltage gain in the embodiment shown in Figure 3
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~diminishes anc consequently the noise figure wilt-dete

riorale. At a frequency being an order of magnitude less
- .than the cut-off frequency of the transisior 103, the noise
- figure of the embodiment shown in Figure 2 may be su-
perior to the one shown in Figure 3. In the convanaer cir-
cuit shown in Figura 2, two transistors (101.102) have

dominant noise contribution, whereas in lf@e embodi-
ment of Figure 3 three tranaistors may have contribute
to the noise of the conventar circuit, Thus, with relatively
low frequency input signals, an embodiment comprising
an input stage as shown in Figurs 3, may ba prefarred
and with relstively high frequency input signals, an em-
bodiment without an input stage as shown in Figure 2,
may be preferred.

A second intaresting featurs of the convarter circuil
as shown in Figure 3, Is thal a higher gain may be ob-
tainad compared to the known convenor circuit, when
both circuits have similar performance with respect to
noise, linearity and current consumption. Gain is defined
as the conversion factor of an asymmetrical input signal
source voilage to a pair of symmetrical cutput signal cur-
rents. Ths gain of both the known convanar circuil and
that of ons according to the invention is intar alia detar-
mined by the magnitude of the sum of the source im-
pedance 11 and the inpul impedanco al tha asymmelri-
cal input terminal Al of the converter circuil.

As an illustration of said fealure, assume the bias
currents of lransistors TS and 7€ n cireuit of Figure 1
and transistors 101, 102 and 103 in the circuit of Figure
3tabe 1 milllAmpere. This limits symmetrical aulput sig-
nal currents at SO1. SO2 of both clrcults lo a peak vaius
of 1 milliAmpars. The input impedancs at the asymmet-
rical input terminal Al of the converter circuit in Figure
3, will be approximalely 25 Ohms, the emitter imped-
ance of a typical silicon blpolar transistor biased at 1
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milliampers. The impedanca at Al of the convertar circuit
. in- Figure. 1, will be approximately 2 times 25 Ohms, If
- the transformatian atia of ransiormar 1 in Figure 1 is
1:1. This bacause the amittar impedancs of transislors
T5 and T§ are sffectively aranged in serics. Dus to the
highar input impedance of the known transformer circuil
in this example, its gain will ba Jess. Changing the trans-
- lormatlon ratlo will either further reduce the gain or de-
teriorate the linearity and nolse performance of the cir-
cuil.

The double-balanced mixer cireuit shown in Figure
4 comprisea a 1hird embediment of a convener circuit
according 1o the invention. Differsnt from the second
embediment of Figure 3, the conventer circuit 100 of Fig-
ure 4 comprises a so-called cascodo lransistor 104,
which is arranged between the collactor of Iransistor 102
and the symmatrical autput terminal SO2, This cascods
transistor acts as a signal current follower, since it is ar-
ranged in common base configuration, by coupling its
base 10 sighal ground via capacitor 154. Cascode lran-
sistor 104 racsives at its hasa a blas voltaga applind at
terminal VB4 via impadance 144,

A cascoda lransistor arranged in serias wih the
second trangistor, as shown in Figure 4, may heilp o im-
prove the symmelry belween the output currents at ter-
minals SO1 and SO2. In the smbodiment of Figure 4,

the collactor bias vollage of transistor 102 is independ-
ent from the collector bias voltage of transistor 101, de-

termined by the voltagas applied at tsrminais 1 and 2.
In contrast with the embediment of Figure 3. the collec-
tor biaa voltage of transistor 102 can be adjusted by the
blas vollage applied al terminal VB4, which is an addi-
tional parametér lo reduce asymmatry batween the ou!-
put signal currants, Asymmelry may be caused by the
so-called 'Early-effect' of the transisiors, which is inter
alla delarmined by the voltage across the collector-base
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junctien. The influence of the Early sffact on the [output
-signal currents at SO1 and SO2 can be balanced by ad-
Justing the bias voitage applied at terminal VB4.
 Flgure 5 shows a double-balanced mixer circult
comprising a feurth embodiment of a convartar circuit
.according 1o the inventien. Comparad to the third em-
bodiment shown in Figure 4, the passive current source
for biasing \ransislors 101 and 103, that is impedance
113 in Figure 4, is replaced in Figurse S by an aclive cur-
rent sourca comprising transistor 105 and impedance
115. The bias current from this activa currant sourca is
determined by the value of impedancs 115 and the bias
voltage applied at tarminal VBS, which is further applied

1o the base of transister 105 via impedance 145. The
bass is decoupied 1o ground via capacitor 1585, inter alia
to preveni possible parasitic high frequency compo-
nents on the bias voltage applied at lerminal VBS, from
parasitically modulating the active curreni source.

The embodiment shown in Figurs S offars the ad-
vantage, that due to the high collector impedance of
iransistor 105, aimost all the inpul signal current at tar-
minal Al is diracted 1o flow into the emitter of transistor
103. The gain of the converter circuit pressnted in Figure
5 may therefora be higher than that of Figure 4, esps-
cially when thae circuits are'to operata at iow supply voit-
ages, To anabie low voltage opemation, the DC resist-
ance value of impedance 113 is 1o ba kepl small to limit
the vollege drop across its terminals. The magnituds of
the impedance 113 (Figure 4) at input signal frequen-
cies, could be sniargad using an inductor. However, only
small inductances can be integrated on a chip. Thus,
the ragnitude of the collector impedance of transistor

115 in Figura 5, will generally be higher than that of im-
pedance 113 in Figure 4.
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Figﬁra 6 shows a double-balanced mixar circuit

. comprising a fifth ambodiment of a convarter circuit ac-
~cording to the invention. in this embodiment. the input
.- transistor 103 and its assoclated elements {(impedance
. 143, capaciter 153 and terminal VB3) shown in Figurs

5, are omitted. Thus, the esymmetrical input terminal Al
1 coupled 1o the node NC via passive elements only. A -
similar case is shown in Figure 2, of which the smbodi-
ment equally does not comprise an input ranaieter be-
‘tween the tarminai Al and the node NC.

Omiting the input transistor 103 shown in Figure 5,
may be an option.if 1he circuit is 1o cperats at relatively

 low supply voltages. Howaver, this may have a detri-

mental etfect on the noise performance al relatively low
frequencies, since there is no longer a vollage gain be-
twaen the terminat Al _nd the hods NC. To oblain the
sams gain at the same currenl conaumption with re-
spect {0 the embodiment shown in Figura 5, impadanc-
as 111 and 112 of the embodirment shown in Figure 6
are 1o be omitled loo (nol shown).

A double-balanced mixer circuit according to the in-
vention, very well suited to operate &l relatively low sup-
ply voltages, is shown in Figurs 7. Comparsd to Figurs
3, transistor 101 and its associated elsments (imped-
ance 141, capacitor 151 and terminal VB1) have been
omitted, The gist of the circuit shown in Figurs 7, is that
mixer {ransistors T1 and T2 can take over the function
of transistor 101. In practice terminal 1 and 2 are cou-
piedto an oscillator signal sourca, whose source imped-
ances js relativaly low, such that mixer transistor T1 and
T2 are efisclively arranged in common base configura-
tion. The impedance al the common emitter terminal 3
is practically equal to the emitter impedance of transistor

RL?LAU“»H%:NT SHEETP1 in Figure 3, assurning that transistor 103 ot Figure
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3jand transistor 103 of Figure 7, are biased at the same
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- current. Thus, the signal current from the signal source

10 wil] substanually flow to common emitter lerminal 3

- 'vxa transistor 103, and producs a3 signal vollags at the

" node NGC. This signal vcltage can be used 1o drivs tran-
 sistor 102, such that its collector current and the current

flawing te common emitter terminal 3 are substantially

symmaetrical.

~ Although the double-balanced mixer circuit pre-
senledin Figuca 7, can operate al lower supply voltages
than the circuits of Figures 310 6, it may exhibit a higher
lavsl of spurious signals al the asymmetrical input ter-
mingal Al and in 1he mixer output vollages across impad-

- ances § and 6 respsactively. Such spurious signals orig-

inAata from an oscillator signal applied at1arminals 1 and
2, producing a residual signal at the common smittef tar-
minals 3 and 4, substantially composed of the second
harmonic of the oscillator signal. In the circuits shown
in Figures 3 to §, lmnsistor 101 is arranged between the
commen emitter terminal 3 and the nede NC. Transistor
101 prevents, to a |arge extent, a cross-talk of the resid-
ual signal at the common amittar teminal 3 to the node
NC. In the circull shown in Flgurs 7, howsvsr, thers will
De little cross-talk attenuation of the residual signal
the node NC. Such an unwanlied rasidusl signal at node
NC, may further cross-talk 1o the asyrmmtrical Input ter-
minal Al. Moreaver. It also modulates the collector cur-
rent of transisior 102 and consequently produces a par-
asilic componaent in the mixsr output vollagse,

While 6 ambodimenis are shown and described lo
clarity the invention, a parscn skilled in the art may con-
ceive rnany olher allemalive embodiments of a conver!-
er circuit or a double-balanced mixer circuit. without de-
paning from the spirit and the scope of the invention
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. claimed. The circuitry to bias the first and the sel:ond

transistor, may ditfer trom that in the embodiments as
‘described. Passive currenis sources, for example im-
. pedancs 113, or active curren! sources, for examgle
transistor 105 and impedance 115, may be used aller-.
natively. Cascods trangiators msy bs arranged between
- the collactor of the first transistor and the firat symmaet-
rieal output terminal, as well as additional casceda tran-
sistors betwaen the collector of the second transisier -
and the second symmetlrical output lerminal. Allernalive
Input stages can be arranged belween the asymmetrical
input'terminal Al and the nade NC. |

_ Wharaver in the text a circuil element is designated

as 'impedance’, il is to be understood that this slement
may be resislive and/or inductive. For axample, imped- -
ances 111 and 112 as shown in Figura 2 to 7 may com-
prise integrated induclors, to improve the high trequen-
cy noise bshaviour of the circuil. Impedance 113in Fig-
ures 3, 4 and 7 could be an inductor, being an externai
component arranged between the input pin of an inte-
grated conventer circuit and signal ground. in this case
capacitor 131 would aiso be an external component,
Thus, It will be evident that, aithough the converter cir-
cuit is very well suitad for integration on a chip, not all
of its alamants nasd lo be integraled.

Furthermore, having knowladge of the invention, it
will be obvious for a person skilled in the ar, that the
-effactiveness of the invention does not rely on the use
ol bipolar NPN transistors as shown in the smbodi-
menis. Alternatively. field-effect transistors msay be
used, in which case emittar, collector and base in the
presant Appiication should read. source, drain and gate
respeciively. Furthermore, it will be evident that the po-
larity of the transistor is of na intarest. instead of bipalar
NPN or N-channei fieid effect transistor, PNP or P-chan-
nel field-sffect transistors may be used,
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| in a double-balanced mixer circuit, the symmetrical
‘oulpul terminals ol the converer circull (SO1, SO2),

. . haed not 1o be dlfBCﬂy caupled to the common emitiar

1erminals {3, 4) of the differantial mixer transistor pairs.
For example, DC biocking capacitors may be arranged
between the symmelrical output terminals and the com-
mon emitter terminals, in order to bias the differential
mixer transistor pairs independsnily from ths convener
circutt, |

The application of a convertar circuit according to
tha invention, is not limited lo doubie-belanced mixer cir-
cuits. It can also be apphed advaniageously in other
lypes of circuitry, whare a conversion of 8 asymmetrical
signal into a pair of symmetrical signails is required. For
example in automatic gain caontrot (AGC) amplifiers
comprising two differential pairs as balanced voltage
controlied current attenuators.
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. -1. Convener circuit for converting an asymmetrical in-

' put signal.into a pair of substantially symmelrical

output signal-currants, comprising a first and a sec-

ond ransistor {101, 102), the emitter of the first tran-

sistor {101) being coupled to an asymmeitrical input

terminal (Al), the collector of the first transistor (101)

and the collector of the second transistor (102) be-

ing coupled 1o a first and to a second symmetrical

output terminal (S01, S02) respectively, character-

ized in that the asymmetrical input terminal (Al) is

coupied o a nade (NC) commonly coupled to the

amitter of the first transistor (101) and to the base

of the second transistor (102}, the tirst and the sec-

ond transgistor (101, 102) deing arranged in com-

mon-base configuration and in common-emifter
configuration respectively.

2. Conventer circuft according 1o Ciaim 1, characlar-
|1zed in that a first impedance (111) is arranged be-
tween the emitlar of the first transistor {(101)and tha
node (NC) and that a second impedance {112} is
arfanged between the emitter of the second tran-
sistor (102) and signai ground,

3. Convener circuit according to Claim 2, character-
ized in that an input stage (103) is arranged be-
tween the asymmelrical input temninal (Al) and the
node (NC)

4. Converter circuit according to Claim 1, 2 or 3. char-
acterized in that a cascode transistor (104) in com-
mon base configuration is arranged between the
collector of the second transistar (102) and the sec-
ond symmetrical culput terminal (S02).
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‘5, Conventer circuil according to Claim 1, 2, 3 or 4,
_characterized in that a DC-blocking capacitor (130)

is arranged betwean the node {NC) and the base ot
the second transistor (102),

B. Canvener clreui accorging 1o Clalm 1, 2, 3 or 4,
characterizad in that it comprises a bias control loop
(201-244) comprising & first curront sensing circuit
(201, 211) coupled to the first ransiator (101), asec-
ond current-sensing circuit (202, 212) coupled to
the second transistor {102), a difterence dalection
circuit (221, 222) with a first and a second inpul cou-
pled to the ocutput of the first and the sacond current
sansing clrcuit respeclivsly, the output of the dilfer-
ence delection circuit being coupled o the base of

the first transistor (101) via at least one loop capac-
ror (240).
7. Convanter circuit accarding to Claim 8, character-

ized in thal a loop transistor (240) is insened be-
wean the output of the differance detection circuit
(221, 222) and the base of the first transistor (101),
lhe base-amiller junction of the loop transistor {240Q)
censltiiuling said ioop capacitor.

8. A double-balanced mixer circuit (100, T1-T4) com-
prising a first differential pair of first and second mix-
er ransistors (T1, 72), whosa amitters are coupled
1o a common first emittar terminal (3). a second dif-
terential pair of third and fourth mixer transistors
(T3, T4), whose amitiers are coupled to a cemmon
second emitter tarminsl (4), the bases of the firsl
and the fourth tranaistor (T1, T4) and tha bases of
ihe second and the third transistor (T2, T3) bseing
coupled lo & commen first and a common second
base terminal (1, 2) respsclively, betwean which



I

.base teminals a mixing signal may be appliad,
. characterissd In that the first common emiller ler- -

minal {3) and that the second common srmitler ler-
minal (4) are coupled to a first syrmmaetrical oulput
lerminal (S01) and a second symmetrical output ter-
minal (S02) respeclively, of a converter circuit (100) .
according to one of the precedings Ciaims.

.. A double-balanced mixer circuit comprising a first

diftarsntial pair of first and second mixer transistors
(T1. 1"2)._ whosse emittors arc coupied to a firat com-
mon emitter terminal (3), a second differentiat pair
ot third and fourth mixer transistors (T3, T4), whose
emitters are coupled 10 a second common emitler

. torminal (4), the bases of the first and the fourth

transistor (T1, T4) and the basas of the second and

ths third tranaistor (T2, T3) being coupled to a first
commen and a second common baee terminal (1,
2) respectivaly, between which base terminals a
mixing signal may be applied, characterised in that
an asymmetrical input temminal (Al) is coupled to 5
node (NC) belonging to a path via which the first

common emilter terminal (3) iz coupled 10 the basa

of a transistor (102) having & collecior which is cou-
pled 1o the second common emitter terminal (4),
said lransistor (102) being arranged in a common-
emitter configuration.
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ABSTRACT

E .CONVERTER CIRCUIT AND DOUBLE-BALANCED MIXER

' _ The invention relates to an integratablé transformer circuit for converting
an asymmetrical input sigxial into a pair of symmetrical output signal currents, requiring’ .
one IC connection pin only. The circuit exhibits a low input impedance combined with
good noise, gain and intermodulation performance up to high frequencies. The
asymmetrical input terminal of the circuit is coupled to a node commonly coupled to the
emitter of a-common base transistor and to the base of a common emitter transistor.
“The common basé transistor acts as non-inverting current follower, the common emitter
transistor as inverting transimpedance amplifier. An input signal current is transferred to
a first symmetrical output terminal via this node and the common base transistor,
 thereby producing a signal voltage at the node. This signal voltage modulates the
collector current of the common emitter transistor, which is in phase opposition with the
input signal current and is transferred to the second output terminal.
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