wo 2014/172505 A1 |[IN I 0F 000000 Y O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

23 October 2014 (23.10.2014)

WIPOIPCT

(10) International Publication Number

WO 2014/172505 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

1

1

(72

International Patent Classification:
HO3F 1/36 (2006.01) H03G 3/30 (2006.01)

International Application Number:
PCT/US2014/034433

International Filing Date:

16 April 2014 (16.04.2014)
Filing Language: English
Publication Language: English
Priority Data:
13/863,429 16 April 2013 (16.04.2013) Us

Applicant (for all designated States except DE, US):
TEXAS INSTRUMENTS INCORPORATED [US/US];
P.O. Box 655474, Mail Station 3999, Dallas, TX 75265-
5474 (US).

Applicant (for DE, US only): TEXAS INSTRUMENTS
DEUTSCHLAND GMBH [DE/DE]; Haggertystrasse 1,
85356 Freising (DE).

Applicant (for JP only): TEXAS INSTRUMENTS JA-
PAN LIMITED [JP/JP]; 24-1, Nishi-shinjuku 6-chome,
Shinjuku-ku, 160-8366 (JP).

Inventors: PIEPENSTOCK, Oliver; Schwarmstedler
Strasse 33, 30625 Hannover, Lower Saxony (DE).
SCHUPPENER, Gerd; 906 Twin Creeks Drive, Allen,
TX 75013 (US). GELHAUSEN, Frank; Im Winkel 20,
30916 Isemhagen, Lower Saxony (DE). SCHACHT, Ul-

(74

(8D

(84)

rich; Bakenhausstr. 19, 26939 Ovelgoenne, Lower Saxony
(DE).

Agents: COOPER, Alan, A. R. et al.; Texas Instruments
Incorporated, Deputy General Patent Counsel, P.O. Box
655474, Mail Station 3999, Dallas, TX 75265-5474 (US).

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: APPARATUS AND METHOD FOR TRANSIMPEDANCE AMPLIFIERS WITH WIDE INPUT CURRENT RANGES

10b

g
|
|
|

< |

A |
@
1!
{ |
L____J

|
U !
————f ===
RL1 N::M RL2
1
!
3 a1 14b a lm
S
:‘I 5 oureur (1 E BAS
l” |2l - #® B2
=2 \.
RF1 I I RE2 lls lout lin lref
MRE1 MRF2 ™20
| loc
INPUT - ~ i o
" E:é QI1\ A/le i1 QIS\ ” 2
;
| 3 ,
|
NSt
IDC1 InC2
% ol B D %B FIG. 2
T
vss 1 O

AGC OC

(57) Abstract: Improved preamplitier circuits (10) for converting single-ended input current signals (12) to differential output
voltage signals (14a, 14b), including first and second transimpedance amplifiers (10a, 10b) with input transistors (Q1, Q2) operating
according to bias currents (II, 12) from a biasing circuit (10c), output transistors and adjustable feedback impedances (RF, MRF)
moditied using an automatic gain control (AGC) circuit (30), as well as a reterence circuit (20) controlling the bias currents (I1, I2)
according to an on-board reference current (Iret) and the differential output voltage signals (14a, 14b) from the transimpedance amp -
lifiers (10a, 10b).
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APPARATUS AND METHOD FOR

TRANSIMPEDANCE AMPLIFIERS WITH WIDE INPUT CURRENT RANGES
[0001] This involves preamplifier or preamp circuitry, and more particularly preamplifiers for
converting input current signals to output voltage signals.
BACKGROUND
[0002] Preamplifiers are used in a variety of applications, for example, to convert a signal
current input from a photodiode into a voltage signal for subsequent processing, such as in a
fiber optic receiver system. Preamp circuits such as these provide one or more transimpedance
amplifiers or TIAs, where two TIAs can be used to convert a single-ended input current signal
to a differential output voltage signal. For a given application and associated input current
sensitivity level, a transimpedance amplifier is designed with respect to various performance
parameters including bandwidth, gain, gain-peaking, group-delay and input referred noise.
However, applications requiring a wider range of input currents can suffer from saturation
effects, potentially leading to significant degradation of one or more performance parameters,
as well as high pulse width distortion (PWD) and deterministic jitter (DJ) at the signal path
output. Consequently, a need remains for improved preamplifiers and integrated circuits with
the capability of operating with acceptable performance parameters over a wide range of input
current signal amplitudes.
SUMMARY
[0003] This involves preamplifier topologies providing adjustment of the transimpedance
amplifier operating conditions based on the amplitude or magnitude of the input current signal
to facilitate satisfaction of design parameters across a wide input current range. Unlike
conventional designs, the various concepts of the present disclosure may be successfully
employed to allow application of a given preamplifier design using one or more
transimpedance amplifiers in situations in which the input signal may vary widely without
significant degradation of bandwidth, gain, gain-peaking, group-delay, input referred noise
and without high pulse width distortion or deterministic jitter.
[0004] A preamplifier circuit is provided, including a first transimpedance amplifier that

receives an input signal and provides a first voltage output signal, as well as a second
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transimpedance amplifier matched to the first transimpedance amplifier which provides a
second voltage output signal. A biasing circuit provides first and second biasing currents to the
respective transimpedance amplifiers based at least in part on a reference current. The
preamplifier circuit further includes a reference circuit controlling the reference current
provided to the biasing circuit based at least in part on an offset signal, and an offset circuit
provides the offset signal according to a differential voltage output signal derived from the first
and second voltage output signals. The use of the offset signal to control the transimpedance
amplifier biasing currents can be successfully employed to advantageously facilitate operation
over a wide input current range while maintaining acceptable performance parameters, thus
representing a significant advance over conventional preamplifier designs.

[0005] Certain embodiments further include a DC cancellation circuit operative to selectively
remove all or a portion of a DC component of the input signal based on the offset signal. An
automatic gain control (AGC) circuit may be included in certain embodiments to control the
transimpedance amplifier gains at least partially according to the differential output voltage
signal. The transimpedance amplifiers may include feedback resistors and gain control
transistors connected in parallel with the feedback resistors, with the AGC circuit providing
gate control signals to the gain control transistors to reduce the transimpedance amplifier gains
for increasing differential voltage output signal amplitude and vice versa. In certain
embodiments, moreover, the reference circuit controls the reference current at least partially
according to a reciprocal of the offset signal amplitude to reduce the transimpedance amplifier
biasing currents and thereby reduce the transimpedance amplifier gains for increasing
differential voltage output signal amplitude and vice versa.

[0006] An integrated circuit apparatus is provided in accordance with further aspects of the
disclosure, including a biasing circuit with first and second MOSFETSs having gate terminals
coupled to one another, source terminals coupled to a voltage supply node, and drain terminals
respectively providing first and second biasing currents according to a control voltage at the
gate terminals. The apparatus further includes first and second transimpedance amplifiers
which individually include an input transistor that receives the corresponding biasing current
through a corresponding resistor along with an emitter follower transistor and a feedback
resistor connected between the emitter follower transistor emitter and the input transistor base

terminal. The base of the input transistor of the first transimpedance amplifier is connected to
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receive an input signal, and the transimpedance amplifiers provide a differential voltage output
representing the amplitude of the input signal. In certain embodiments, the first and second
transimpedance amplifiers are matched one another. The apparatus further includes a reference
circuit providing a reference current output to modify the biasing circuit control voltage in
order to control the first and second biasing currents based at least in part on the differential
voltage output and according to a reference current generated in the integrated circuit. This
architecture advantageously employs the differential voltage output to alter the
transimpedance amplifier biasing accordingly, thereby self-adjusting the operation for changes
in input signal level to meet the above-mentioned design parameters while keeping PWD and
DJ values low to facilitate reduced power consumption for high input signal levels.

[0007] In certain embodiments, a MOSFET is coupled between the first amplifier input
transistor base terminal and a circuit ground, and is controlled at least partially according to the
differential voltage output signal to selectively remove at least a portion of a DC component
of the input signal. Certain embodiments of the integrated circuit apparatus include an AGC
circuit controlling gains of the first and second transimpedance amplifiers at least partially
according to the differential voltage output signal. In certain embodiments, moreover, the
reference circuit controls the reference current output at least partially according to the
reciprocal of the amplitude of the differential voltage output signal so as to reduce the
transimpedance amplifier biasing currents and thus reduce the transimpedance amplifier gains
for increasing differential voltage output signal amplitude and vice versa.

[0008] In accordance with further aspects of the disclosure, a preamplifier is provided for
converting a single-ended input current signal to a differential output voltage signal. The
preamplifier includes a signal transimpedance amplifier which receives the single-ended input
current signal, as well as a dummy transimpedance amplifier which is matched to the signal
transimpedance amplifier and which receives no input signal. The signal and dummy
transimpedance amplifiers provide the differential output voltage signal at least partially
according to the input current signal and according to a biasing current source derived from a
reference current source implemented within the preamplifier, and according to an automatic

gain control circuit signal.

BRIEF DESCRIPTION OF THE DRAWINGS
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[0009] Fig. 1 is a schematic diagram illustrating an exemplary preamplifier with two
transimpedance amplifiers, one of which receives a single-ended input current signal, with
automatic gain control and offset cancellation circuits providing outputs according to an
amplified differential voltage output signal, as well as reference circuitry controlling TIA
biasing currents at least partially according to the differential voltage output in accordance
with certain aspects of the present disclosure;

[0010] Fig. 2 is a schematic diagram illustrating further details of an exemplary preamplifier
circuit implementation with the reference circuit controlling a biasing circuit control voltage
via a controlled reference current according to an offset cancellation input signal, and with
gain control field effect transistors controlling transimpedance amplifier gains according to an
AGC input signal derived according to the differential voltage output;

[0011] Fig. 3 is a schematic diagram illustrating an exemplary automatic gain control and
offset cancellation circuit in the preamplifiers of Figs. 1 and 2; and

[0012] Fig. 4 is a schematic diagram illustrating further details of the reference circuit in the
preamplifiers of Figs. 1 and 2.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0013] This provides preamplifier topologies and apparatus for converting input current
signals to output voltage signals while advantageously employing automatic gain control and
offset adjustment based on output voltage feedback which can be implemented to provide
operation across a wide range of input signal amplitudes while maintaining performance
parameters within acceptable limits. This provides significant improvement over prior
preamplifier circuit designs, an example of which is illustrated and described in US patent
number 7,233,209 assigned to the assignee the of the present disclosure, the entirety of which
is incorporated herein by reference.

[0014] Fig. 1 illustrates a preamplifier circuit apparatus 10 in one possible application in
which an input current signal IAN is received from a photodiode 2 connected between the
preamplifier input terminal 12 and a bias source BIAS, where the figure represents a
capacitance of the photodiode 2 as a capacitor C1 connected between the anode of the
photodiode 2 at the input terminal 12 and a ground. In one non-limiting example, the
preamplifier circuit 10 is part of an optical fiber communication system receiver which

receives an optical signal via the photodiode 2 and the preamplifier 10 provides a differential

4
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voltage output representing the current signal received from the photodiode 2 for further
processing by the host system (not shown).

[0015] As seen in Fig. 1, the preamplifier 10 has a single-ended input 12 with a dual
transimpedance amplifier architecture represented as an amplifier 16, including a first or signal
transimpedance amplifier or TIA 10a receiving the input signal via terminal 12 and a second
or “dummy” transimpedance amplifier 10b that receives no input signal. The transimpedance
amplifiers 10a and 10b provide a differential output voltage signal at nodes 14a and 14b
representing the amplitude of the received input current signal from the photodiode 2. In this
example, moreover, a voltage amplifier 4 receives the differential output voltage signal from
the nodes 14a and 14b and provides an amplified differential voltage at nodes 4a and 4b as an
input to a 50Q output buffer 6. The output of the buffer 6 is provided as an overall preamplifier
differential output at nodes 8a and 8b, which can be used by a host system such as a fiber-optic
receiver (not shown). In certain embodiments, the preamplifier 10 is constructed as a single
integrated circuit (IC), which may, but need not, include the voltage amplifier 4 and/or the
output buffer 6. In other implementations, the preamplifier 10 is implemented as a stand-alone
integrated circuit, with the voltage amplifier 4 and the buffer 6 being implemented separately.
Moreover the preamplifier 10 might be implemented as a functional block into a system on
silicon, e.g. a transceiver IC.

[0016] The output of the voltage amplifier 4 is also provided as a differential voltage input to
an automatic gain control (AGC) and offset cancellation (OC) circuit 30. The circuit 30
provides an AGC output at node 34 for automatic gain control of the first and second TIAs 10a
and 10b. As shown in Fig. 1, the AGC signal 34 is used as a gate drive signal to N-channel gain
control MOSFETs MRF1 and MRF2 coupled in parallel with TIA feedback resistors RF1 and
RF2 such that the signal 34 modifies the gains of the TIAs 10a and 10b, respectively.

[0017] In addition, the circuit 30 provides an offset cancellation or OC output at node 36
which is used as an input by a DC cancellation circuit including an N-channel MOSFET
transistor MS1 coupled between the current signal input terminal 12 and a circuit ground node
VSS. In operation, the cancellation circuit transistor MS1 selectively removes at least a portion
of a DC component of the input signal at terminal 12 according to the offset signal 36 at least

partially according to the OC output 36 and hence according to the differential voltage output
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signal 14a, 14b from the voltage amplifier 4. In this manner, the DC content of the input
current signal is reduced or canceled via feedback from the AGC/OC circuit 30.

[0018] In addition, as seen in Fig. 1, the offset signal 36 (OC) is also provided to a reference
circuit 20 via a voltage-to-current (V to 1) circuit 29 as a current signal 28 (Ioc). The reference
circuit 20 controls a reference current 14 (Iout) that is used for controlling the bias of the
transimpedance amplifiers 10a and 10b based on the received current signal 28 as well as a
BIAS current input 24 (Iin) and a reference current Iref received at an input 22. In addition, the
reference current Iref provided to the input 22 is generated in the integrated circuit of the
preamplifier 10 (not shown) so as to track any process, voltage and/or temperature (PVT)
changes. As seen in Fig. 1, moreover, the reference current 14 may also be used to bias the
voltage amplifier 4, although not a strict requirement of the present disclosure.

[0019] Fig. 2 illustrates one possible non-limiting embodiment of the preamplifier circuit 10,
including first and second TIAs 10a and 10b along with a biasing circuit 10c providing first
and second biasing currents I1 and I2 to the respective TIAs 10a and 10b. In this
implementation, the first (signal) TIA 10a includes a first input transistor Q1 with a base
terminal receiving the input signal 12, as well as a collector coupled to the biasing circuit 10c
through a first resistor RL1 and an emitter terminal coupled to VSS, where the collector of Q1
provides the first output voltage signal at node 14a. In addition, the first TIA 10a includes an
emitter follower transistor Q3 with a base terminal connected to the collector of Q1 and a
collector connected to a supply voltage node VDD, as well as a feedback resistor RF1
connected between the emitter of Q3 in the base of Q1. In addition, a first current source IDC1
is connected between the emitter of Q3 and VSS. In operation, the common-emitter
configuration of Q1 and common-collector output transistor Q3 provides the output at node
14a based on the received input current signal at the base of Q1, where the feedback resistor
RF1 sets the transimpedance gain. In addition, as shown above in Fig. 1, a gain control
MOSFET MRFI1 operates according to the AGC control signal 34 to selectively modify the
impedance between the emitter of Q3 and the base of Q1, thereby selectively modifying the
gain of the first transimpedance amplifier 10a through the parallel feedback impedance of RF1
and the source-drain resistance of MRF1.

[0020] In this configuration, with no input current, the voltage at the emitter of Q3 is equal to

the base-emitter voltage of Q1, and the collector of Q1 is at a voltage approximately twice that
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of the emitter of Q3, whereby the voltage across the feedback resistor RF1 is approximately
zero. In this condition, the collector-emitter current 11 through Q1 is approximately the voltage
at the drain of a biasing circuit FET M1 and M2 minus 2Vbe divided by the resistance of RL1,
and the collector current of Q3 is set by the DC current source IDCI. In this manner, the circuit
is self-biasing dependent on process (Vbe, RL1), temperature (temperature effects on Vbe) and
the supply voltage VDD modified by the operation of the biasing circuit 10c (PVT). However,
operation of the biasing circuit 10c and the control thereof according to the differential output
voltage 14a and 14b using the reference circuit 20 according to on-chip reference currents
providing inputs 22 and 24 allows tailoring of the biasing current I1 to maintain operational
parameters with an acceptable range in the presence of such PVT effects. In operation,
therefore, the signal TIA 10a provides the voltage output at node 14a representing the
amplitude of the input current signal received at node 12.

[0021] As further shown in Fig. 2, the second or dummy TIA 10b includes an input transistor
Q2 with a collector coupled to receive the biasing current 12 from the biasing circuit 10c
through a second resistor RL2, with an emitter coupled to VSS, along with an emitter follower
transistor Q4 including a collector coupled to VDD, a base coupled to a second output node
14b at the collector of Q2, and an emitter coupled through a second DC current source IDC2 to
VSS, with a second feedback resistor RF2 and associated gain control MOSFET MREF2
coupled between the emitter of Q4 and the base of Q2. As connected, therefore, the second
TIA 10b does not receive an input signal, but the dual TIA configuration 10a, 10b receives a
single-ended input current signal and provides a differential voltage output at nodes 14a and
14b accordingly. Moreover, the signal TIA 10a is inverting, whereby the output terminal 14a
is the negative (-) output and the second output terminal 14b is the positive (+) output. The
second output terminal 14b is also capacitively coupled to the base of Q2 via a capacitor C2.
[0022] The biasing circuit 10c includes a pair of P-channel MOSFET devices M1 and M2 with
their gate terminals connected to one another and with their drain terminals connected together
for operation according to the gate voltage VREG. The gates of M1 and M2 are connected to
the supply voltage VDD through a capacitor C3 whereby the biasing circuit control voltage
VREG is set according to the voltage across the capacitor C3. While M1 and M2 are illustrated
as being connected in parallel, other embodiments are possible in which a single FET is used

instead, with a gate being controlled according to the voltage VREG. In operation, the
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collector current I1 of transistor Q1 and the collector current 12 of Q2 are scaled to one another
according to the relative sizes of the transistors Q1 and Q2. In the illustrated example, this
scaling of the collector currents I1 and 12 corresponds to a ratio N:M as described further
below.

[0023] The biasing circuit control voltage VREG is modified by operation of the reference
circuit 20 which controls a reference current 14 flowing from the biasing FET gate terminals
through the reference circuit 20 to the current output terminal Iout 26 of the reference circuit
20 to VSS or ground. In operation, the reference circuit 20 controls the amplitude of the
reference current 14 according to the current input signal 28 and the reference current inputs 22
and 24 as described further below in connection with Fig. 4. As seen in Fig. 2, moreover, the
preamplifier 10 also includes a current mirror formed by P-channel MOSFETs M3 and M4,
with the drain of M4 providing a current 14 in accordance with a current I3 flowing through the
M3 and a resistor R3 to a collector of a transistor Q5 whose base terminal is connected to the
base of Q2 and whose emitter is connected to VSS as shown.

[0024] In certain non-limiting implementations, moreover, the components of the first and
second TIAs 10a and 10b are matched to one another according to a scaling factor. In one
example, the scaling factor for the matching of the first and second TIAs 10a and 10Db is set to
N:M with (N>M) to reduce power consumption. However, 1:1 matching may be used in other
implementations or M may be greater than N in other embodiments. The AGC signal 34
controls the gain control MOSFETs MRF1 and MRF2 connected across the feedback resistors
RF1 and RF2 to control the gain of the dual-TIA preamplifier, and the OC signal 36 controls
the offset cancellation circuit MS1 to wholly or at least partially cancel the DC content of the
input signal AN received at the input 12. The OC signal 36 provided by the offset circuit 30
(described further below in connection with Fig. 3) is converted by the voltage-to-current
converter circuit 29 to provide a corresponding reference current input signal 28 (Ioc) to the
reference circuit 20.

[0025] In the embodiment of Fig. 2, the transistor Q5 creates the current 13 as a replica of 12,
where I3 * M = 12. The current mirror transistors M3 and M4 are matched at a 1:1 matching
ratio in one example, and the current 14 is generated based on I3, where M4 is connected to the
Iout port of the reference circuit 20. The lout connection to the reference circuit 20 is coupled

as shown to the gate terminals of the biasing circuit MOSFETs M1 and M2 and represents a
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high gain (super mirror output) output node to control the biasing circuit control voltage
VREG at the gates of M1 & M2, where the capacitor C3 compensates this control voltage
VREG for stability. In this configuration, moreover, the reference current 14 is thus controlled
to be equal to lout.

[0026] By operation of the reference circuit 20 according to the OC signal 36 based on the
differential voltage output of the preamplifier, loc will be very small for small input currents
IAN received at node 12, and 14 will be equal to the bias current input lin at the BIAS input 24
to the reference circuit 20. When the input current signal IAN increases, loc 28 will also
increase and will raise the biasing circuit control voltage VREG, thereby reducing the bias
currents 11 and 12. As a result, increasing input current levels reduce the gains of the TIAs 10a
and 10b, whereby the circuit 10 can accommodate both small and large input current signal
levels or ranges. Furthermore, the AGC feedback loop keeps the bandwidth of the TIA-stage
almost constant over the whole input current range. Thus, the transfer function quality of the
TIAs 10a and 10b (magnitude and phase) does not significantly change with different input
currents IAN received at the input 12, and the preamplifier gain is adjusted automatically to
accommodate the input signal level. In addition, the preamplifier 10 maintains the TIA output
amplitude moderately small, thereby avoiding or mitigating deep saturation conditions in the
signal-path transistor stages. This advantageously facilitates high bandwidth, low PWD & DJ
over wide input current ranges, and additionally saves a significant amount of power in
overload conditions.

[0027] Fig. 3 illustrates a non-limiting implementation of an automatic gain control (AGC)
and offset cancellation (OC) circuit, referred to herein as an offset circuit 30. As seen in Fig.
3, the circuit 30 receives the amplified differential voltage output from the voltage amplifier 4
(Fig. 1), but other implementations are possible in which the input to the offset circuit 30 is
provided directly or indirectly from the differential voltage output terminal 14a and 14b
provided by the first and second TIAs 10a and 10b. Moreover, while the illustrated
embodiments utilize an AGC topology that reacts to the differential output voltage signal
amplitude, other implementations are possible in which an AGC circuit (e.g., circuit 30) is
coupled to receive the input current signal or a signal derived more directly therefrom.

[0028] In addition to the AGC output 34, the offset circuit 30 provides the OC output 36 used

as described above. The offset circuit 30 in one example includes an offset cancellation circuit
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30a with input resistors R4 and R5 and an op amp 32 operated using the supply voltage VDD
and ground VSS. The output of the op amp 32 is provided as the OC signal 36 and is stabilized
by a capacitor C4 as shown, and also provides a signal used by an AGC circuit portion 30b.
[0029] The AGC circuit 30b provides the signal from the op amp output through a resistor R2
to the gates of N-channel MOSFETs M7 and M8 whose source terminals are connected to VSS
as shown. The signal at the gate of M8 controls the base-emitter voltage of an NPN transistor
Q7 whose collector is connected through a resistor R1 to VDD and the voltage at the collector
of Q7 controls the base-emitter voltage of transistor Q6 to set a current provided to a current
mirror formed by M5 and M6. This current flows through M5 and a transistor Q8 whose base
emitter voltage is controlled by the drain-source voltage of M7 and thus by the op amp output
voltage with resistor RO and transistors M7 and Q8 providing the AGC output voltage 34
accordingly.

[0030] Referring now to Figs. 1, 2 and 4, one possible implementation of the reference circuit
20 is illustrated in Fig. 4 which receives the current input signal loc from terminal 28, receives
a reference current Iref at terminal 22, a bias current input lin (BIAS) at terminal 24, and
controls the reference current 14 (Iout) via the terminal 26 as described above. The reference
circuit 20 includes a two quadrant current multiplier formed by NPN transistors Q9-Q12, with
Q10 and Q11 forming a common emitter pair, which has a current Iin” generated by a current
source formed by transistors M23 and M24. A transistor Q12 is supplied by a constant current
Iref based on the received reference current from terminal 22 as generated by current mirrors
M13 and M 14, and transistor Q9 is supplied by this current Iref generated by a transistor M11
and a variable current loc generated by current mirror M12 and M15 summed at a first node

N1. In operation, the currents 110, 111, Iin’, Iref and loc are related according to the following

equations (1) and (2):

110+ 111 =1Iin’ (1), and

110 /111 = (Iref + Toc) / Iref =K (2),
where K is a constant. From equations (1) and (2), the following equations (3) and 4) can be
derived:

[Mo=K *1I11 (3), and

111 =1in"/ (K+1) (4).

10
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Above the two quadrant current multiplier Q9-Q12, is a current mirror formed by transistors
M16 and M 17, by which a difference or subtractive current Isub is generated which is equal to
the difference between the currents 110 and 111, according to the following equation (5):

Isub=110-111 (5).
[0031] The difference current Isub can be characterized by substituting currents 110 and 111
into equation (5) according to equations (3) and (4) by the following equation (6):

Isub =Iin’ * (K-1) / (K+1) (6).
[0032] As further seen in Fig. 4, a current source M22 conducts the current Iin’, and a current
mirror formed by transistors M9 and M10 generates an input current for a current mirror
formed by M18, M19, M20 and M24 to provide the output current Iout, which is equal to the
difference between lin’ and Isub as shown by the following equation (7):

Iout =Iin" — Isub (7.
[0033] Substituting Isub according to equation (6) into equation (7) results in the following
equation (8):

Iout =Iin’ * 2/(K+1) ; K = (Iref + loc) / Iref (8).
[0034] In one possible embodiment, loc is linearly proportional to the TIA input current signal
IAN (Fig. 1), while Iref is kept constant with respect to the TIA input current. As a result, lout
in certain embodiments is reciprocal to loc as shown in equation (8) above, which is
particularly advantageous when using lout for biasing the TIA input stage. As seen above,
therefore, the differential output voltage 14a, 14b of the TIAs 10a and 10b is provided
according to the received current input signal IAN at node 12 (Fig. 1) as well as according to
the biasing current source 10c by modification of the biasing currents I1 and I12. The reference
circuit 20, moreover, controls the reference current 14 provided to the biasing circuit 10c at
least partially according to the offset signal 36. The offset signal OC 36, in turn, is provided
according to the differential voltage output signal which itself is proportional to the input
current signal level. In addition, as seen in Fig. 4, the bias currents 11 and 12 are controlled by
operation of the reference circuit 20 at least partially according to the reference current source
Iref implemented within the same integrated circuit as the preamplifier 10, and also according
to the automatic gain control circuit output signal 34.
[0035] The reference circuit 20 controls the reference current 14 according to the reciprocal of

the amplitude of the offset signal 36 since lout is reciprocal to loc. This operation raises the
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bias circuit control voltage VREG thereby reducing the biasing currents 11 and 12 to
correspondingly reduce the gains of the transimpedance amplifiers 10a and 10b for increasing
differential voltage output signal amplitude (and hence for increasing input current signal
levels). The converse is true, where decreasing differential output voltages (and hence
decreasing input current signal levels) results in increased bias circuit control voltage VREG
and thus increases to the biasing currents I1 and 12 and corresponding increases in the
transimpedance amplifier gains.

[0036] The disclosure thus presents an advance over the prior preamplifier topologies such as
those shown in US patent number 7,233,209 by altering the TIA bias (e.g., bias currents I1 and
12 above) according to the current input signal, as indirectly sensed via the differential voltage
output signals. The use of the AGC and offset cancellation circuitry 30 thus extends the input
current signal range while retaining the circuit performance with respect to bandwidth, gain,
gain-peaking, group-delay and input referenced noise as well as inhibiting pulse width
distortion and deterministic jitter. As a result, the circuitry 10 can accommodate wide input
signal ranges while still maintaining superior circuit performance by keeping key parameters
such as those mentioned above within acceptable ranges and keeping PWD and DJ values
relatively low, whereby the power consumption is decreased for high input current levels.
[0037] Other embodiments are possible, for example, in which an AGC circuit measures the
input current signal level more directly for creation of signals to adjust the TIA biasing and/or
gain accordingly. For example, the AGC circuit 30 may be connected to the input 12 of the
TIA to sense the voltage between the input 12 and VSS and to provide the AGC and OC output
signals 34 and 36 accordingly. In other possible implementations, the offset and AGC circuitry
30 may be connected to a circuit which generates a control signal based on the TIA input
signal, e.g., a received signal strength indicator (RSSI) circuit (not shown). Moreover, as
discussed above, the AGC and offset cancellation circuitry 30 may alternatively receive the
TIA differential voltage output signals directly from nodes 14a and 14b instead of using the
output from the voltage amplifier circuit 4.

[0038] Those skilled in the art will appreciate that modifications may be made to the described
embodiments, and also that many other embodiments are possible, within the scope of the

invention.
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CLAIMS

What is claimed is:

1. A preamplifier circuit for converting an input current into an output voltage, the
preamplifier circuit comprising:

a first transimpedance amplifier receiving an input signal representing the input current
and providing a first voltage output signal;

a second transimpedance amplifier matched to the first transimpedance amplifier and
providing a second voltage output signal;

a biasing circuit providing first and second biasing currents to the respective first and
second transimpedance amplifiers at least partially according to a reference current;

a reference circuit controlling the reference current provided to the biasing circuit at
least partially according to an offset signal; and

an offset circuit providing the offset signal to the reference circuit according to a

differential voltage output signal derived from the first and second voltage output signals.

2. The preamplifier circuit of claim 1, further comprising a DC cancellation circuit to
selectively remove at least a portion of a DC component of the input signal according to the

offset signal.

3. The preamplifier circuit of claim 1, further comprising an automatic gain control
circuit controlling gains of the first and second transimpedance amplifiers at least partially
according to the differential voltage output signal derived from the first and second voltage

output signals.

4. The preamplifier circuit of claim 3:
wherein the first transimpedance amplifier comprises:
a first input transistor including a base terminal to receive the input signal, a
collector terminal coupled to the biasing circuit through a first resistor, and an emitter terminal
coupled to a circuit ground node, the collector terminal of the first input transistor providing

the first voltage output signal,

13



WO 2014/172505 PCT/US2014/034433

a first output transistor with a base terminal connected to the collector terminal
of the first input transistor, and a collector terminal connected to a voltage supply node,
a first feedback resistor connected between an emitter terminal of the first
output transistor and the base terminal of the first input transistor, and
a first gain control field effect transistor connected in parallel with the first
feedback resistor;
wherein the second transimpedance amplifier comprises:
a second input transistor including a collector terminal coupled to the biasing
circuit through a second resistor, and an emitter terminal coupled to the circuit ground node,
a second output transistor with a base terminal connected to the collector
terminal of the second input transistor, and a collector terminal connected to the voltage supply
node,
a second feedback resistor connected between an emitter terminal of the second
output transistor and a base terminal of the second input transistor, and
a second gain control field effect transistor connected in parallel with the
second feedback resistor; and
wherein the automatic gain control circuit provides a gate control signal to the first and
second gain control field effect transistors at least partially according to the differential voltage
output signal to reduce the gains of the first and second transimpedance amplifiers for

increasing differential voltage output signal amplitude and vice versa.

5. The preamplifier circuit of claim 4, further comprising a DC cancellation circuit to
selectively remove at least a portion of a DC component of the input signal according to the

offset signal.

6. The preamplifier circuit of claim 5, wherein the reference circuit controls the reference
current at least partially according to a reciprocal of an amplitude of the offset signal to reduce
the first and second biasing currents and thereby reduce the gains of the first and second
transimpedance amplifiers for increasing differential voltage output signal amplitude and vice

versa.

14
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7. The preamplifier circuit of claim 3, further comprising a DC cancellation circuit to
selectively remove at least a portion of a DC component of the input signal according to the

offset signal.

8. The preamplifier circuit of claim 3, wherein the reference circuit controls the reference
current at least partially according to a reciprocal of an amplitude of the offset signal to reduce
the first and second biasing currents and thereby reduce the gains of the first and second
transimpedance amplifiers for increasing differential voltage output signal amplitude and vice

versa.

9. The preamplifier circuit of claim 1:
wherein the first transimpedance amplifier comprises:

a first input transistor including a base terminal to receive the input signal, a
collector terminal coupled to the biasing circuit through a first resistor, and an emitter terminal
coupled to a circuit ground node, the collector terminal of the first input transistor providing
the first voltage output signal,

a first output transistor with a base terminal connected to the collector terminal
of the first input transistor, and a collector terminal connected to a voltage supply node, and

a first feedback resistor connected between an emitter terminal of the first
output transistor and the base terminal of the first input transistor; and

wherein the second transimpedance amplifier comprises:

a second input transistor including a collector terminal coupled to the biasing
circuit through a second resistor, and an emitter terminal coupled to the circuit ground node,

a second output transistor with a base terminal connected to the collector
terminal of the second input transistor, and a collector terminal connected to the voltage supply
node, and

a second feedback resistor connected between an emitter terminal of the second

output transistor and a base terminal of the second input transistor.

10.  The preamplifier circuit of claim 1, wherein the reference circuit controls the reference

current at least partially according to a reciprocal of an amplitude of the offset signal to reduce
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the first and second biasing currents and thereby reduce gains of the first and second
transimpedance amplifiers for increasing differential voltage output signal amplitude and vice

versa.

11.  An integrated circuit apparatus, comprising:

a biasing circuit including first and second P-channel FETs with gate terminals coupled
to one another, source terminals coupled to a voltage supply node, and drain terminals
respectively providing first and second biasing currents according to a control voltage at the
gate terminals;

first and second transimpedance amplifiers individually comprising:

an NPN input transistor including a collector terminal coupled to receive the
first and second biasing currents from the biasing circuit through a corresponding resistor, and
an emitter terminal coupled to a circuit ground node, the collector terminals of the input
transistors providing a differential voltage output signal,

an NPN output transistor with a base terminal connected to the collector
terminal of the input transistor, and a collector terminal connected to the voltage supply node,
and

a feedback resistor connected between an emitter terminal of the output
transistor and a base terminal of the input transistor;

wherein the base terminal of the input transistor of the first transimpedance
amplifier is connected to receive an input signal, and the transimpedance amplifiers provide
the differential voltage output signal representing an amplitude of the input signal; and

a reference circuit providing a reference current output to modify the control voltage
provided to the biasing circuit to control the first and second biasing currents at least partially
according to the differential voltage output signal and according to a reference current

generated in the integrated circuit.
12.  The integrated circuit apparatus of claim 11, further comprising an N-channel FET

coupled between the base terminal of the input transistor of the first transimpedance amplifier

and the circuit ground node and having a gate terminal controlled at least partially according to
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the differential voltage output signal to selectively remove at least a portion of a DC

component of the input signal.

13.  The integrated circuit apparatus of claim 12, further comprising an automatic gain
control circuit controlling gains of the first and second transimpedance amplifiers at least

partially according to the differential voltage output signal.

14.  The integrated circuit apparatus of claim 13, wherein the individual transimpedance
amplifiers include a gain control field effect transistor connected in parallel with the
corresponding feedback resistor, and wherein the automatic gain control circuit provides a gate
control signal to the gain control field effect transistors at least partially according to the
differential voltage output signal to reduce the gains of the first and second transimpedance

amplifiers for increasing differential voltage output signal amplitude and vice versa.

15.  The integrated circuit apparatus of claim 14, wherein the reference circuit controls the
reference current output at least partially according to a reciprocal of an amplitude of the
differential voltage output signal to reduce the first and second biasing currents and thereby
reduce the gains of the first and second transimpedance amplifiers for increasing differential

voltage output signal amplitude and vice versa.

16.  The integrated circuit apparatus of claim 11, further comprising an automatic gain
control circuit controlling gains of the first and second transimpedance amplifiers at least
partially according to the differential voltage output signal;

wherein the individual transimpedance amplifiers include a gain control field effect
transistor connected in parallel with the corresponding feedback resistor; and

wherein the automatic gain control circuit provides a gate control signal to the gain
control field effect transistors at least partially according to the differential voltage output
signal to reduce the gains of the first and second transimpedance amplifiers for increasing

differential voltage output signal amplitude and vice versa.

17



WO 2014/172505 PCT/US2014/034433

17.  The integrated circuit apparatus of claim 16, wherein the reference circuit controls the
reference current output at least partially according to a reciprocal of an amplitude of the
differential voltage output signal to reduce the first and second biasing currents and thereby
reduce the gains of the first and second transimpedance amplifiers for increasing differential

voltage output signal amplitude and vice versa.

18.  The integrated circuit apparatus of claim 11, wherein the reference circuit controls the
reference current output at least partially according to a reciprocal of an amplitude of the
differential voltage output signal to reduce the first and second biasing currents and thereby
reduce the gains of the first and second transimpedance amplifiers for increasing differential

voltage output signal amplitude and vice versa.

19.  The integrated circuit apparatus of claim 11, wherein the first and second

transimpedance amplifiers are matched.

20. A preamplifier for converting a single-ended input current signal to a differential
output voltage signal, comprising:

a signal transimpedance amplifier including a first input transistor with a base terminal
receiving the single-ended input current signal and a first output transistor;

a dummy transimpedance amplifier matched to the signal transimpedance amplifier
and including a second input transistor receiving no input signal and a second output transistor;

wherein the signal and dummy transimpedance amplifiers provide the differential
output voltage signal at least partially according to the single-ended input current signal and
according to a biasing current source derived from a reference current source implemented

within the preamplifier and an automatic gain control circuit output signal.
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