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 A B S T R A C T

Modern power electronics applications demand compact and low-power magnetic field sensors with increased 
bandwidth performance. In this perspective, current-mode readout topologies of magnetic sensors based on 
a transimpedance amplifier (TIA) were recently proven to be effective solutions. This paper gives an insight 
into TIA design trade-offs with a specific focus on their application to the readout of magnetic field sensors. 
Based on this review, the paper details the microelectronic circuit design of a resistive-feedback TIA (R-TIA) 
specifically tailored for bridge-based resistive magnetic sensors and discusses trade-offs between noise, power, 
and bandwidth performance. The proposed architecture is fully differential and self-biased, and is implemented 
in a 90-nm microelectronic process from STMicroelectronics. The developed R-TIA achieves up to 45 MHz 
bandwidth with a 1.2-V supply, in simulation. Experimental tests of the proposed R-TIA as a current-mode 
readout for an integrated Hall-effect magnetic sensor are also reported with input signals in the MHz range, 
proving the suitability of R-TIA for the readout of broadband magnetic sensors.
1. Introduction

Modern high-frequency power electronic applications require high-
end current sensors capable of detecting sharp transients while main-
taining accuracy, low noise, and low power consumption [1–3]. Critical 
applications include smart grid metering, electric vehicle current mon-
itoring, over-current protection (OCP), and power switch protection in 
converters [4–6]. Magnetic sensors, with inherent galvanic isolation 
and good metrological performance, could meet these requirements if 
suitable broadband analog front-ends (AFE) are realized.

Wheatstone bridge-based magnetic sensing devices, such as Hall-
effect plates and Magnetoresistance (MR) probes, are compatible with 
either voltage mode [7–9] or current mode readouts [10–13]. The mea-
surand magnetic field 𝐵𝑧, when incident on the probe, unbalances the 
bridge, resulting in a voltage difference across the sense terminals [14], 
which is usually processed with a voltage amplifier (voltage mode). 
Alternatively, the differential voltage can be nulled to read a current 
output from the sensor (current mode), as shown in Fig.  1. The latter 
approach allows the use of transimpedance amplifiers (TIA), which are 
faster than voltage amplifiers, as shown in [15].

Moreover, since the input resistance 𝑅𝑖𝑛 of a TIA is generally negli-
gible compared to the equivalent resistance 𝑅𝑆 of the magnetic probe, 
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the pole associated with the capacitance of the probe-AFE interface 
is shifted at higher frequencies, alleviating the practical bandwidth 
limit in Hall-based current sensors, as defined in [16]. However, to 
fully exploit the bandwidth capabilities of the current-mode readout for 
magnetic sensors, the TIA should be critically designed. Current-mode 
readout of Hall-effect magnetic sensors is a relatively recent approach. 
The first current-mode AFE was proposed by Heidari et al. [13] to 
measure the current imbalance between series-connected Hall plates. 
The AFE was based on a capacitive-feedback TIA for its better noise 
performance, while the bandwidth was not a target. This approach was 
also applied by recent works [17,18] However, a capacitive TIA is not 
the best solution for reading out Wheatstone bridge-based magnetic 
sensing devices. This work analyzes the measurement problem related 
to the current-mode readout of resistive magnetic transducers to point 
out that resistive TIAs better fit the application requirements. More-
over, the article describes the low-power microelectronics design of a 
R-TIA demonstrating the feasibility of broadband readout of magnetic 
transducers.  The proposed TIA provides tens of MHz bandwidth with 
an optimal trade-off between noise and power consumption, result-
ing in beyond-state-of-the-art figures of merit. While [15] proposed 
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Fig. 1. A magnetic sensor modeled as Wheatstone’s bridge with an equivalent resistance 𝑅𝑆 , interfaced with a current readout in a single-ended configuration. 
The voltage at the output of the probe is nulled and the output current of the probe 𝐼𝑝𝑟𝑜𝑏𝑒 is measured using a transimpedance amplifier (TIA). 𝐶𝑃  is the output 
capacitance of the Hall plate, 𝐶𝐼 is the stray capacitance due to interconnects and 𝐶𝐴𝐹𝐸 is the input equivalent capacitive loading of the TIA. The total capacitance 
at the probe-analog front-end (AFE) interface is given by 𝐶𝑇 = 𝐶𝑃  + 𝐶𝐼 + 𝐶𝐴𝐹𝐸 .
the current-mode readout as a suitable method to improve the band-
width of Hall-effect-based current sensors, the present article addresses 
specifically the optimal design of the TIA circuit.

Recent works on broadband isolated current sensors have primarily 
followed a hybrid architecture approach that combines slow, voltage-
mode Hall sensors with magnetic coils. These solutions generally suffer 
from increased complexity, silicon area, and cost, and often exhibit 
limited flatness in their frequency response [3,19–21]. These issues can 
be easily solved by a single Hall device with a broadband current-
mode AFE. On the other hand, the majority of the recent literature 
on current-mode readout focuses on capacitive-feedback TIA, with 
bandwidth typically below 200 kHz [11,12,18]. A few very recent 
papers employed a resistive TIA, but either it was the final stage of 
the readout [22], or the maximum bandwidth was not tested [23].

The paper is organized as follows: Section 2 reviews the theory and 
design aspects involved in the design of TIAs. Based on that, Section 3 
describes a specific circuit architecture to meet the bandwidth, noise, 
and power requirements. Measurement results, figures of merit, and 
conclusions are discussed in Sections 4, 5 and 6, respectively.

2. Design choices for current-mode readout interfaces

Transimpedance amplifiers are standard readout solutions for many 
different sensor topologies. The literature provides deep analyses on 
how to design them for maximum bandwidth (e.g., LED readout appli-
cations) [24] or minimum noise (e.g., biomedical applications) [25], 
but magnetic sensor readout needs a careful balance between noise, 
bandwidth, and power, without focusing on a single figure of merit. 
This section reviews the theory behind TIA design and searches for 
a good compromise between bandwidth, noise, gain, and power con-
sumption, always taking into account stability.

Magnetic probes like Hall plates and tunneling magnetoresistances 
(TMR) are characterized by output resistance 𝑅𝑆 in the range from 
1 kΩ, in the case of the large X-Hall device [15], to hundreds of kΩ
for highly sensitive TMRs [26]. Parasitic capacitance at the probe-AFE 
interface strongly varies with the technology, but can be estimated on 
the order of a few picofarad if the magnetic transducer and the AFE are 
integrated into the same die. The output current from the transducer is 
also strongly dependent on different physical parameters and design 
specifications, but usually it is in the microampere range, requiring 
mid-to-high transimpedance gain values on the TIA.
2 
Transimpedance amplifiers can be classified as resistive (R-TIA) 
or capacitive (C-TIA), depending on whether the dominant feedback 
element is a resistor 𝑅𝐹  or a capacitor 𝐶𝐹 . It is common that the R-
TIA also has a parasitic 𝐶𝐹  associated or that it is added for stability 
purposes, while the C-TIA exhibits a parasitic high-value 𝑅𝐹  [27].

One relevant aspect of TIA design is the transimpedance gain that 
should be maximized when the TIA is employed as the AFE of a 
magnetic sensor. In general, the TIA output voltage can be written as 
𝑉𝑜𝑢𝑡 = 𝑉𝐶𝑀 + 𝐼𝑝𝑟𝑜𝑏𝑒𝑅𝑇 , (1)

where 𝑅𝑇  is the DC transimpedance and 𝐼𝑝𝑟𝑜𝑏𝑒 is the current being fed 
into the inverting terminal of the TIA from the sensing probe, while the 
non-inverting terminal is driven to a common mode potential, 𝑉𝐶𝑀 . In 
the case of an ideal current source (i.e, with infinite source impedance) 
at the input of the TIA, the DC transimpedance 𝑅𝑇  for the R-TIA and 
the C-TIA, respectively, can be written as: 

𝑅𝑇 = −
𝐴𝑑

𝐴𝑑 + 1
𝑅𝐹 ≅ −𝑅𝐹 (2)

𝑅𝑇 ≅ −
𝑇𝐼𝑁𝑇
𝐶𝐹

(3)

where 𝐴𝑑 is the ideal differential gain of the operational amplifier, with 
𝐴𝑑 ≫ 1. In the case of the C-TIA, the input current is integrated over a 
constant time 𝑇𝐼𝑁𝑇  to get an output voltage proportional to the average 
input current. This behavior requires the C-TIA to use a periodic reset 
scheme [12] or an additional feedback path [28–30], and sets an 
intrinsic limitation to its usage in wide bandwidth applications [31].

Moreover, for a given technology and target bandwidth, the TIA 
has a maximum achievable transimpedance value known as the tran-
simpedance limit [32]. To better explain this limit, let us assume the 
TIA is realized using a single-pole operational amplifier with transfer 
function 𝐴(𝜔) = 𝐴𝑑 (1 + 𝑗 𝜔

𝜔𝐴
)−1 where 𝜔𝐴 is the angular frequency of 

the pole. The corresponding frequency is 𝑓𝐴 = 𝜔𝐴∕(2𝜋), and the gain-
bandwidth product is GBW = 𝐴𝑑𝑓𝐴. The TIA will have a second-order 
response [32] with natural angular frequency 𝜔0 related to the pole 
frequency by 

𝜔0 =

√

(𝐴𝑑 + 1)2𝜋𝑓𝐴
𝑅𝐹 (𝐶𝑇 + 𝐶𝐹 )

(4)

where 𝐶𝑇 , as depicted in Fig.  1, is the total capacitance at the probe-
AFE interface due to the sensing device, interconnects, and the AFE, 



S.F. Syeda et al. Integration 109 (2026) 102763 
while 𝐶𝐹  denotes the feedback capacitance. For a ringing-free response 
of the TIA, the bandwidth BW must be constrained by 𝐵𝑊 ≤ 𝜔0∕2𝜋. 
Therefore, by deriving 𝑅𝐹  from (2) and substituting in (4), it can 
be shown that the maximum achievable 𝑅𝑇 , at a given BW with 
underdamped response for both R-TIA and C-TIA, is given by [32] 

𝑅𝑇 ≤ 𝐺𝐵𝑊
2𝜋(𝐶𝑇 + 𝐶𝐹 )𝐵𝑊 2

(5)

The transimpedance limit from (5) is controlled by the parameter 
GBW/(𝐶𝑇+𝐶𝐹 ) and degrades non-linearly with the square of the target 
bandwidth. From another perspective, we can also define from (5) a 
bandwidth limit: 

𝐵𝑊 ≤
√

𝐺𝐵𝑊
2𝜋(𝐶𝑇 + 𝐶𝐹 )𝑅𝑇

. (6)

The transimpedance limit and bandwidth limit are higher for R-TIA 
than for C-TIA, since 𝐶𝐹  is negligible and the condition 𝐶𝐹 ≪ 𝐶𝑇
applies, in the former case. Therefore, R-TIA should be preferred if a 
wide bandwidth is targeted, as usually done in photonics [33] and radio 
receiver designs [34].

The above theory considered an ideal current source connected 
to the input of the TIA, while, for non-ideal sources like the bridge 
sensor configuration shown in Fig.  1, the transimpedance of the R-TIA 
is influenced by the equivalent resistance 𝑅𝑆 of the sensor probe [27]. 
This leads to the following equation for the transimpedance of the 
R-TIA: 

𝑅𝑇 = −
(

𝑅𝑆
𝑅𝑆 + (𝑅𝑆 + 𝑅𝐹 )∕𝐴𝑑

)

𝑅𝐹 (7)

This deviation from the ideal Eq. (2) is due to the dependence of the 
open-loop gain 𝐴𝑂𝐿 on the parallel combination of 𝑅𝑆 and 𝑅𝐹  as 
follows, where 𝑅𝑆 usually reaches few kΩ in integrated CMOS Hall 
sensors [35]: 
𝐴𝑂𝐿 = −𝐴𝑑

(

𝑅𝐹 ∥ 𝑅𝑆
)

(8)

A high 𝐴𝑑 also favorably minimizes the input impedance 𝑅𝑖𝑛 for R-TIA 
current readout interfaces, since: 

𝑅𝑖𝑛 =
𝑅𝐹
𝐴𝑑

(9)

For high-frequency current sensing, a non-negligible 𝐶𝑇  can induce 
wild oscillations in the TIA’s response by lowering the feedback factor 
and degrading the phase margin at high frequencies. This can be 
compensated by adding a zero through a feedback 𝐶𝐹 . The pole and 
zero frequencies are given by: 

𝑓𝑧 =
𝑅𝐹 + 𝑅𝑆

2𝜋𝑅𝐹𝑅𝑆 (𝐶𝑇 + 𝐶𝐹 )
(10)

𝑓𝑝 =
1

2𝜋𝑅𝐹𝐶𝐹
(11)

From the Barkhausen criteria for stability, the oscillations occur for an 
insufficient phase margin when the loop gain is greater than unity. The 
minimum requirement for 𝐶𝐹  to meet the criteria of stability is given 
by [30]: 

𝐶𝐹 = 1
4𝜋𝑅𝐹𝐺𝐵𝑊

(

1 +
√

1 + 8𝜋𝑅𝐹𝐶𝐹𝐺𝐵𝑊
)

(12)

The possibility of controlling 𝑅𝑆 at design level allows to strategically 
position the zero, while still affecting bandwidth as well.

When designing a TIA as a sensor front-end, it is important to 
consider the major noise contributors. Fig.  2 shows a generic noise 
model of a TIA, highlighting the various noise sources from the sensing 
device 𝑛2𝐻 , operational amplifier noise current 𝑖2𝑛 and noise voltage 
𝑒2𝑛 (with combination of Flicker and thermal noise), and feedback 
resistance 𝑖2𝑛−𝑅𝐹

= 4𝑘𝑇
𝑅𝐹
. For a general TIA, the total input-referred noise 

can be written as [29]: 

𝑖2𝑛,𝑡𝑜𝑡 = 𝑛2𝐻 + 𝑖2𝑛 +
4𝑘𝑇 + 𝑒2𝑛

(

1 +
𝑍𝐹

)2 1
2

(13)

𝑅𝐹 𝑍𝑆 𝑅𝑇

3 
Fig. 2. Equivalent noise sources in the current sensing probe and TIA: 𝑛2𝐻 , 𝑖2𝑛, 
𝑖2𝑛−𝑅𝐹

 are respectively the equivalent noise current generators of the sensing 
device, op-amp and 𝑅𝐹  while 𝑒2𝑛 is the equivalent noise voltage generator of 
the op-amp. The equivalent resistance of the probe is 𝑅𝑆 .

where 𝑘 is the Boltzmann’s constant, 𝑇  is the absolute temperature, 
𝑍𝐹  is the total feedback impedance (𝑅𝐹  parallel with 𝐶𝐹 ), and 𝑍𝑆
is the source impedance (𝑅𝑆 parallel to 𝐶𝑇 ) as in Fig.  2. C-TIA are 
usually employed in sensing very low-current signals thanks to their 
very low-noise performance. Indeed, assuming very high source and 
feedback resistances (𝑅𝑆 and 𝑅𝐹 ), the input-referred noise formula can 
be simplified to [29]: 

𝑖2𝑛,𝑡𝑜𝑡 ≈ 𝑛2𝐻 + 𝑒2𝑛
[

(2𝜋𝑓 )2
(

𝐶𝐹 + 𝐶𝑇
)2
]

, (14)

achieving extremely low noise floors. However, this formula is valid 
only in the case of sensing devices having high source impedance, and 
it does not take into account the switching noise coming from the reset 
circuit. Therefore, extremely low-noise performance can be generally 
achieved only by limiting the signal bandwidth [28–30]. Relevant 
examples are [12,36], where Hall probes configured in the current 
mode were interfaced with fully differential current integrators, but the 
achieved bandwidth is limited. On the other hand, the input-referred 
noise of the R-TIA can be written as: 

𝑖2𝑛,𝑡𝑜𝑡 = 𝑛2𝐻 + 𝑖2𝑛 +
4𝑘𝑇
𝑅𝐹

+ 𝑒2𝑛

(

1 +
𝑅𝐹
𝑅𝑆

)2 1
𝑅2
𝑇

, (15)

which can be further simplified in the case of a sensing device hav-
ing a source resistance much lower than the feedback resistance and 
assuming 𝑅𝑇 ≈ 𝑅𝐹 : 

𝑖2𝑛,𝑡𝑜𝑡 ≈ 𝑛2𝐻 + 4𝑘𝑇
𝑅𝐹

+
𝑒2𝑛
𝑅2
𝑆

. (16)

For an R-TIA, 𝑅𝐹  and the operational amplifier significantly contribute 
to the input-referred noise. Higher values of 𝑅𝐹  would result in bet-
ter noise performance, however, compromising the BW as shown in 
(6) [37], while reducing 𝑒2𝑛 would increase power consumption since 
the noise generated by the operational amplifier is also inversely pro-
portional to the transistor transconductance. Nonetheless, this noise 
contribution is referred to the input via the source resistance of the 
magnetic device, regardless of the transimpedance gain. It is also 
important to note that ultra-low noise performance of the readout is 
not a strict requirement for use with bridge-based magnetic probes, as 
they are mainly resistive and inherently contribute with a considerable 
noise source 𝑛2𝐻 .

Since state-of-the-art magnetic sensors usually exhibit a noise floor 
in the order of hundreds of nA in terms of current output [15], any 
in-band noise much lower than that generated by the probe is an 
acceptable choice for the AFE, if bandwidth can be extended to tens of 
MHz. The probe noise can be roughly estimated as 

√

4𝑘𝑇𝐵𝑊𝑠𝑒𝑛 , where 
𝑅𝑆



S.F. Syeda et al. Integration 109 (2026) 102763 
Fig. 3. (a) Usage of the transimpedance amplifier (TIA) for a fully differential current mode sensor readout. (b) Circuit schematic of the TIA, highlighting the 
biasing and amplification sections for a single stage. The MOSFET sizes are indicated in Table  1.
𝐵𝑊𝑠𝑒𝑛 is the targeted sensor bandwidth. This is an underestimation that 
neglects the Flicker noise contribution of the Hall plate [14].

With all the above analysis in perspective, an R-TIA is the optimal 
candidate for current-mode readout of resistive magnetic sensors, as it 
can provide sufficient transimpedance gain and high bandwidth limit 
when the input capacitance is minimized, as well as a negligible noise 
contribution with respect to the one generated by the Hall probe. 
Therefore, the main point for wideband read-out of magnetic sensors 
becomes the minimization of the parasitic 𝐶𝑇  that justifies integration 
of the probe with the AFE.

3. Architecture of R-TIA based on a self-biased two-stage differen-
tial amplifier

In AFE design, beyond bandwidth and noise constraints, power con-
sumption is also a critical parameter and must be minimized as much as 
possible. This section presents an architectural solution for a resistive 
TIA that achieves low input impedance and wide bandwidth while 
maintaining low power consumption. To obtain low input resistance, 
the operational amplifier used in the TIA must exhibit a high open-
loop differential gain, as indicated by Eq.  (9). However, in operational 
amplifier architectures, this requirement typically results in a trade-off 
with bandwidth [37]. To reduce power consumption while maintaining 
a favorable balance between high differential gain and wide bandwidth, 
the proposed approach exploits the higher intrinsic speed of scaled 1.2-
V transistors and employs a CMOS inverter as the gain stage, which is 
well suited for low supply voltages [37]. A further reduction in power 
consumption is achieved through the adoption of a self-biasing scheme, 
like the one proposed in [38]. The complete 2-stage, self-biased, fully-
differential operational amplifier within the R-TIA is shown in Fig.  3. 
It is powered at a low supply voltage of ±0.6 V and realized using a 
90-nm microelectronic process from STMicroelectronics [15].
4 
The transistor pairs P1, N1 and P4, N4 form the inverter configu-
rations suitable to deliver the high differential gain. The small-signal 
half-circuit differential gain for the single stage, can be formulated as 
𝐴(1𝑠𝑡𝑎𝑔𝑒)
𝑑 = −(𝑔𝑛1 + 𝑔𝑝1)𝑅𝑜𝑢𝑡 (17)

where 𝑔𝑛1 and 𝑔𝑝1 are respectively the transconductances of the n-
channel and p-channel MOSFETs in the inverter amplifier, and 𝑅𝑜𝑢𝑡 is 
the output resistance at a single output node, computed as the recipro-
cal of the sum of the output conductances of the respective MOSFETs. 
For the fully differential architecture, the effective transconductance of 
the inverter configuration is doubled with respect to single-ended, as 
we must consider a pair of inverters for the whole circuit. Combining 
the above analysis with Eq. (9), the transistors have been sized to keep 
𝑅𝑖𝑛 negligible compared to the 𝑅𝑆 loading the input of the TIA. In 
this specific case, the TIA is designed for an X-Hall device with 𝑅𝑆 of 
approximately 1.5 kΩ, estimated with TCAD simulations, which is in 
line with the output resistance of similar devices [39].

The transimpedance is mostly determined by the feedback resistors, 
whose value 𝑅𝐹  can be set either to 200 kΩ or 90 kΩ by using the 
control signals RCTRL and #RCTRL. Considering that the operational 
amplifier achieves a differential gain 𝐴𝑑 of 67.7 dB (Fig.  4(a)), then 
the 𝑅𝑖𝑛 can be as low as 75 Ω, which is quite lower than the value 
of 𝑅𝑆 of 1.5 kΩ used in this design, thus minimizing the effect of the 
parasitic capacitances at the input [15] and leading to a gain error of 
approximately 5%.

The transistor dimensions were adjusted to achieve acquisition 
bandwidths of 45 MHz for 𝑅𝐹 = 90 kΩ and 28.3 MHz for 𝑅𝐹 =
200 kΩ, assuming a load capacitance 𝐶𝐿 = 100 fF. In addition, the 
design targets a second-order response with a phase margin of 45◦
under worst-case operating conditions, without the use of an explicit 
feedback capacitance 𝐶𝐹 , as confirmed by circuit simulations shown 
in Fig.  4(b). Those results are in line with the bandwidth limit theory 
of Eq.  (6). Indeed, assuming an input total capacitance 𝐶𝑇 = 1 pF 
(which is a reasonable value for a CMOS Hall probe integrated into the 
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Fig. 4. Simulation results of the amplifier: (a) Differential gain of the operational amplifier in open-loop condition, showing a gain of 67.7 dB and a GBW of 
3.42 GHz. (b) Closed-loop AC response of the TIA with different values of the feedback resistance.
Fig. 5. Simulation results: (a) Differential output voltage swing of the TIA at 𝑅𝐹 = 200 kΩ; (b) DC currents on the transistors used to realize the inverters (P1 
= N1 = Px) and on the tail transistors (PTx = PT1 = PT2, NTx = NT1 = NT2) at different values of the input common-mode voltage. The expected operating 
range is comprised within the dashed region and outside that, the performance of the TIA is not on specifications. Current flowing through NTx is plotted as the 
current flowing out from the drain.
Table 1
Transistor sizing of the TIA.
 Transistor Feature size, W/L 
 PT1, PT2, PT3, PT4 20/1  
 C1, C2, C5, C6 46.66/0.5  
 P1 - P8 12/1  
 N1 - N8 7/1  
 C3, C4, C7, C8 50/1  
 NT1, NT2, NT3, NT4 5/1  
 D1 - D6 10/0.5  

same chip) and by using the GBW reported in Fig.  4(a), the bandwidth 
limit is roughly 55 MHz and 37 MHz for the two transimpedance values, 
respectively.

The MOSFET sizes are listed in Table  1. The replica inverters formed 
by transistors P2, N2 and P3, N3 drive the biasing transistors at the tail, 
PT1, PT2 and NT1, NT2 which operate in the linear region, allowing 
the output swing shown in Fig.  5(a).

The non-linearity error (NLE) for an input current range of ±1 μA
and a 0-V input common-mode voltage, is ±5.3%. If the input common 
mode goes outside the allowed working region (dashed region in Fig. 
5), then the TIA undergoes increased non-linearity. For 𝑅 = 90 kΩ, 
𝐹

5 
the TIA can however support differential input currents of up to 3 μA. 
The proposed self-biased fully-differential operational amplifier suffers 
from a narrow input common mode ranging from -150 mV to 50 mV 
as highlighted in the simulation result of Fig.  5(b), which shows the 
DC currents flowing through the bias transistors PTx and NTx swept 
across an input common mode voltage range, as well as the splitting of 
the tail biasing currents through the branches of TIA flowing as drain 
currents of Px and Nx. It can be seen that the tail biasing currents 
remain constant at a very narrow range of input common mode voltage. 
This is because the drain–source voltage drop on the input pairs is not 
sufficient to sustain the devices in saturation for wider input swings, 
thus making it unsuitable for a generic application. This implies the 
necessity of an input load that adheres to this range or a common-mode 
regulation circuit at the sensor probe-readout interface, as realized 
in [15]. This requirement is not a problem in magnetic sensors, where 
the common-mode voltage is set by the sensor biasing and does not 
change with the measurand. In Fig.  3, a common-mode control circuit 
is employed to set the input common-mode voltage of the TIA to 0 
V, thereby ensuring proper alignment between the different power 
domains used to bias the Hall plate and the TIA. This approach enables 
the use of a higher supply voltage for the magnetic sensor, allowing 
increased bias currents and improved sensitivity, while simultaneously 
leveraging low-voltage scaled transistors in the TIA design. Further 
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Fig. 6. (a) Results of the Monte Carlo simulation for the TIA input-referred offset current caused by mismatches and process variations, (b) Simulation results 
for thermal variation of feedback resistors impacting the gain and offset along with standard deviation, (c) Simulation result for Power Supply Rejection Ratio 
plotted against frequency.
Table 2
Simulated performance summary of the transimpedance amplifier at 𝑅𝐹 = 200 
kΩ and 𝐶𝐿 = 100 fF.
 Parameter Value  
 Voltage supply ±600 mV  
 Current consumption 110.2 μA  
 Open loop gain 69.7 dB  
 Transimpedance gain 106.1 dBΩ  
 −3 dB bandwidth 28.3 MHz  
 Phase margin 51.71◦  
 Common mode input range −150 mV to 50 mV  
 Output swing −600 mV to +600 mV 
 𝑅𝑖𝑛 75 Ω  
 Input referred integrated noise (DC - 20 MHz) 18.5 nA𝑟𝑚𝑠  

details on the common-mode control circuit are provided in [15], which 
addresses the overall system implementation.

Each stage incorporates a local negative feedback loop formed 
through the bias transistors PTx and NTx and the node voltages 𝑉𝑏𝑖𝑎𝑠1, 
as shown in Fig.  3, that protects the bias against variations. The control 
transistors Cx (𝑥 = 1, 2,… , 4) enable the switching on and off of the 
TIA depending on the active control signal, CTRL or #CTRL, while 
transistors Dx (𝑥 = 1, 2, 3) sink the residual currents, if any, to ground 
when turned off.

The offset of the TIA is highly dependent on a well-matched layout 
between the differential inverter pairs. Monte Carlo simulations were 
conducted to assess the impact of mismatch and process variations on 
the offset of the TIA. The output offset is subsequently referred to the 
input as 𝐼𝑂𝑆 (𝑇 ) = 𝑉𝑂𝑆 (𝑇 )/𝑅𝐹 (𝑇 ). It is evident from Fig.  6(a) that the 
variations of 𝐼𝑂𝑆 at nominal temperature are mainly due to mismatch, 
while the contribution due to process variations is mostly negligible. 
It is found that the majority of mismatch contributors are the input 
MOSFETs N1 and N4 of stage 1 of the TIA with a total contribution 
of 85%, and P1 and P2 contributing for about 15%. Furthermore, this 
will be impacted by the thermal variation of 𝑅𝐹  as shown in Fig.  6(b), 
indicating a further need for gain calibration over temperature.

Additional analyses show the capability of the TIA to strongly reject 
the variations in the supply voltage with a power supply rejection ratio 
(PSRR) of 135 dB up to the MHz range (Fig.  6(c)). Table  2 summarizes 
the simulated performance of the designed transimpedance amplifier.

4. Experimental results

The TIA was implemented using a STMicroelectronics 90-nm BCD 
technology (Fig.  7). The self-biased architecture allowed a minimal 
area occupation of the TIA of only 0.023 mm2 and overall static power 
consumption of 132 μW (from circuit simulations). It was realized as 
part of an integrated broadband current sensing system [15], where 
the current to be measured flows through an on-chip metal trace, 
generating a magnetic field that is sensed and transduced into a small 
6 
current by a current-mode Hall probe integrated on the same chip. The 
current from the Hall device to the input of the TIA is expected to be 
in the range of ±3 μA.

4.1. Static characterization

The test setup for static characteristics of the TIA is as shown in 
Fig.  8(a.i). The input common-mode voltage is close to ground and the 
input current for the TIA is determined by the external resistance and is 
given by 𝑉𝐼𝑁/1 MΩ. The range of test current was ±3 μA. The obtained 
results as in Fig.  8(b) are linearly interpolated and in accordance with 
simulated results except they deviate for the fact that, the test bench 
does not include an input common mode control for the TIA. The 
prototype thus demonstrates an experimental transimpedance gain of 
−413.8 mV/μA for an input current range of ± 1 μA and −184.7 mV/μA 
for ± 3 μA respectively for 𝑅𝐹  set at 200 kΩ and 90 kΩ. Beyond the 
specified current ranges, it tends to saturate. The transimpedance gain 
is compliant with 𝑅𝑇 = 2𝑅𝐹  due to the fully differential nature of the 
TIA. The measured non-linearity error (NLE) is about ± 4% for 𝑅𝐹  of 
200 kΩ while for 𝑅𝐹  of 90 kΩ, the maximum NLE for the negative 
current stimulus of −3 μA is 1.7% and for the positive input current 
the NLE increases to about 10% as the TIA input common mode is 
uncontrolled and shifts from its optimal working range. The 𝐴𝑑 and 
the input common-mode range of the TIA could not be experimentally 
measured as the chip structure does not allow it.

4.2. Offset

The nominal input referred offset at 25◦C is 66 nA and 100 nA 
for 𝑅𝐹  values of 200 kΩ and 90 kΩ, respectively. To assess the input-
referred offset thermal drift, the prototype was placed within an ACS 
DY110(T) climatic chamber and the temperature swept from −20◦C 
to 100◦C. The output offset, 𝑉𝑂𝑆 , was computed as an average of 20 
samples acquired using an Agilent 34401A digital multimeter (DMM) 
at each temperature point. This offset was subsequently referred to the 
input as 𝐼𝑂𝑆 (𝑇 ) = 𝑉𝑂𝑆 (𝑇 )/𝑅𝐹 . The relative offset drift with respect 
to the nominal temperature, depicted in Fig.  8(c), recorded −2.26 
nA/◦C and −1.53 nA/◦C, respectively for values of 𝑅𝐹  of 90 kΩ and 
200 kΩ. Thermal stability of the offset is significantly important in 
magnetic sensors like those based on the Hall effect, as they are prone 
to considerable offset drifts. By considering a transduction factor of the 
magnetic circuit together with the Hall probe of roughly 0.6 μA/A, the 
measured offset drift of the TIA will result into an input-referred offset 
drift of the overall current sensor of −3.7 mA/◦C for the case 𝑅𝐹  of 
200 kΩ. This value is comparable to the offset temperature coefficient 
measured on the complete Hall sensor (i.e., −8.7 mA/◦C), implying a 
substantial contribution on the offset drift from the TIA design. This 
suggests that additional techniques for further offset reduction and 
control at both the current probe and AFE levels are necessary.
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Fig. 7. (a) Picture of the TIA realized in 90-nm BCD technology. It occupies only a small portion of the area of the chip. The chip also incorporates a Hall current 
sensor and other circuits [10,15] (b) Layout of the transimpedance amplifier.
4.3. Noise

The measured total in-band noise (DC-20 MHz) referred to the input 
of the TIA is 64.9 𝑛𝐴𝑟𝑚𝑠 and 102.6 𝑛𝐴𝑟𝑚𝑠 for 𝑅𝐹  of 200 kΩ and 90 
kΩ respectively. It is higher by almost a factor of 3.5 compared to the 
simulated results and this is expected based on Eq. (13), due to high 
parasitic 𝐶𝑇  at the input in the test bench. Note the input is connected 
to the chip pad and bond wired to the PCB pad that add their own 
stray capacitances. However, results achieved for the entire system with 
negligible 𝐶𝑇  in [15] (as the TIA is connected to the Hall probe) are in 
agreement with the simulations.

4.4. Transient test

A Philips PM5139 arbitrary waveform generator (AWFG) was used 
for a transient test to generate a 50% duty cycle pulse stimulus of 
5 kHz with trail edges of 50 ns for validating the response of the 
TIA as shown in Fig.  8(a.ii). An input peak to peak current, 𝐼𝑖𝑛 of 
2.54 μA was transduced to an output voltage of 390 m𝑉𝑝−𝑝 at the 
output under feedback resistance condition of 90 kΩ as shown in Fig. 
8(d). The prototype encounters peaks on the trailing edges due to 
the non-negligible impedances of the parasitics at high-frequencies, 
but manages to exhibit a short response delay of 6 ns and 4 ns 
respectively for 𝑅𝐹  of 200 kΩ and 90 kΩ. Since the bench setup has 
unavoidable parasitic capacitances due to the AWFG, input current 
sense resistor and the test instruments, this substantially elevates the 
input and output parasitic capacitances, which limits the achievable 
bandwidth. Moreover, the TIA is designed for a 𝐶𝐿 of 100 fF. An output 
buffer supporting higher 𝐶𝐿 could help in demonstration of acquisition 
bandwidth of the TIA as in [15]. Due to these factors, we would 
then rely on the results obtained from circuit simulations, as shown 
in Fig.  4(b) for assessing the maximum bandwidth. However, Section 5 
demonstrates the broadband capability of the proposed TIA integrated 
with a magnetic sensor. The power consumption of the prototype is in 
the sub-mW range with 132 μW. A comparison of performances with 
the latest TIA architectures is as shown in Table  3.

5. Validation

To experimentally demonstrate the capability of the proposed TIA 
as a readout circuit for broadband magnetic sensors, it is integrated 
with a Hall-effect sensor on the same integrated circuit [15] and 
tested against high-frequency transient signals. This approach allows 
7 
for minimizing the effect of parasitic elements at the TIA’s input and 
test the TIA at its maximum performance in a real application. The 
sensor response is tested for sinusoidal and ramped magnetic fields, 
which are both generated by the 131 mA peak to peak current 𝐼𝑠𝑡𝑟𝑖𝑝
flowing through an on-chip metal strip. The test currents are a 1-MHz 
sinewave to demonstrate the broadband response of the TIA and a 
200-kHz sawtooth that mimicks the typical current waveform in a fast-
switching power converter. Fig.  9(a) shows a non-distorted sinewave 
of about 15 mVpp at the output of the TIA, which is in agreement 
with the theoretical value computed by using the nominal current-to-
voltage transduction of 7.5 mT/A [15], the nominal absolute sensitivity 
of 86 μA/T for the Hall plate when biased at 1 mA, and a gain of the 
TIA being two times 90 kΩ. This result is also in agreement with the 
results obtained from the static characterization test. Fig.  9(b) reports 
the result of the test when the current 𝐼𝑠𝑡𝑟𝑖𝑝 is a sawtooth signal. In 
this case the output voltage has still the correct peak-to-peak value 
but it presents high-frequency peaks in response to the step-change of 
the input current which are due to a combination of the second-order 
response of the TIA and inductive parasitic coupling between the input 
of the sensor system (the on-chip strip) and the output of the TIA in 
this specific prototype [15].

6. Conclusion

In view of the increased necessity for broadband contactless current 
sensing, current-mode readout of bridge-based integrated magnetic 
probes is a promising solution since it shifts the pole associated with 
the probe-AFE interface at higher frequencies and enables the us-
age of fast TIA architectures. However, a specific design of the TIA 
is needed to achieve the application requirements: (i) wide band-
width, (ii) minimum input resistance, (iii) negligible noise, (iv) low 
power consumption. This article reviewed the basic theory behind 
TIA design to find the best-suited architecture. Since magnetic sensors 
inherently contribute a significant amount of noise, the extremely low-
noise performance of C-TIA is not needed while R-TIA can provide 
wider bandwidth and a better trade-off between noise, bandwidth, and 
power consumption.

Due to the transimpedance limit, the input capacitance 𝐶𝑇  plays a 
role in defining the maximum bandwidth for a target transimpedance 
𝑅𝑇 , thus the stray input capacitance of the op-amp used to realize the 
TIA should be minimized. To this end, the design of a R-TIA based on 
a self-biased, fully-differential operational amplifier is presented. The 
developed R-TIA is characterized through simulations and experimental 
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Fig. 8. (a) Test bench setup: (i) Static characterization (ii) Transient test and noise, (b) Static characteristics: differential output voltage versus input current. 
The measured non-linearity error (NLE) as a percentage of Full scale of about ±1 μA for 𝑅𝐹 = 200 kΩ and ±3 μA for 𝑅𝐹 = 90 kΩ corresponding to the data 
points of the main plot are also reported in the inset, (c) Relative input referred offset drift of the TIA with respect to the nominal temperature at 𝑇 = 25◦C, (d) 
Transient response of the TIA to a 5 kHz input peak to peak current pulse of 2.54 μA. The observed delay is 4 ns for 𝑅𝐹  90 kΩ. The delay is computed when the 
signals reach 50% of their steady state value.

Fig. 9. (a) Transient response to a sinusoidal excitation of the Hall-effect magnetic sensor integrated with the proposed R-TIA with an output buffer as readout. 
The excitation is 131 mA peak-to-peak current sinewave at 1 MHz applied on the on-chip trace that originates roughly 1 mT peak-to-peak magnetic field, leading 
to a final output voltage of about 16 mVpp when 𝑅𝐹 = 90 kΩ. (b) Transient response of the Hall-effect magnetic sensor integrated with the proposed R-TIA with 
an output buffer as readout. The sensor correctly follows the 200 kHz sawtooth excitation with a delay of 21 ns with 𝑅𝐹 = 90 kΩ.
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Table 3
State of the art comparison.
 Parameter This work [22] [25] [40] [12]  
 Supply voltage (V) 1.2 3.3 3.3 1.8 3.3  
 TIA topology R R C R C  
 Gain (Ω) 200 k/90 k <320 k 7 G 1 G N.A.  
 BW (Hz) 45/28 Ma 600 k 4.4 k 2 M 30 k  
 Input range (μA) 3/5 N.A. 0.001 0.02 12  
 input referred noise (nA𝑟𝑚𝑠) 64/102.6 N.A. 0.62 14 N.A.  
 𝐶𝑇  (pF)b 20 N.A. N.A. 5 N.A.  
 Area (mm2) 0.023 N.A. 0.02 0.07 N.A.  
 Power (mW) 0.172 <8.25 12.5 9.2 N.A.  
 Application Hall sensor Magnetic Nanopore General Magnetic 
a Bandwidth is the simulated bandwidth.
b Reference for noise measurement.
tests on a prototype developed in a 90-nm BCD technology. Simulations 
report a bandwidth of up to 45 MHz and an integrated input-referred 
noise as low as 18.5 nArms in 20 MHz bandwidth. The realized pro-
totype occupies a minimal area of 0.023 mm2 and consumes only 132 
μW, 50 times lower than the state of the art. Due to the presence of 
unavoidable parasitic elements, like the stray capacitances added by 
bond pads, it is not possible to replicate the dynamic performances in 
practical tests on the R-TIA alone. To cope with these limitations and 
demonstrate the broadband capabilities, the R-TIA has been used in 
combination with an integrated Hall-effect probe and an output buffer 
to sense the magnetic field generated by a high-frequency excitation 
current.

Despite demonstrating good bandwidth/power/noise performance, 
the developed R-TIA has a limited input common-mode range, requir-
ing a feedback common-mode loop for proper operation. Moreover, it 
is also worth mentioning that the nominal value of the input-referred 
offset of the TIA, as well as its temperature dependence, have been 
found to be non-negligible. To improve the performance in real-world 
applications, compensation techniques may be required.
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