
Bandwidth Enhancement Techniques for Large-Area
VLC Receivers

Abstract—The work reports, for the first time, the use of
Linvill’s negative impedance converter (NIC) to generate negative
resistance and inductance for the purpose of extending the
bandwidth of optical receivers used in visible light commu-
nication (VLC). The work shows that the bandwidth-limiting
series resistance, inherent in large-area photodiodes, can be
compensated by using a simple NIC circuitry generating a com-
pensating negative resistance in series with a negative inductive
reactance. Mathematical derivations and simulations are verified
by experimental results showing a bandwidth extension of up to
400% when used with only minimal additional circuit elements.

Index Terms—Negative impedance converters, negative resis-
tance, photodiodes, visible light communication.

I. INTRODUCTION

A long-standing problem facing VLC systems is improving
data transmission speeds, considering the low modulation
bandwidth of commercially available optoelectronic devices
of the transmitter and the receiver [1]. At the receiver, the
challenge is in capturing sufficient light to ensure correct
detection of the transmitted information. This is a difficult
challenge for two reasons; firstly, the nature of the free space
channel, wherein loss is proportional to the square of the
transmission distance. Second, most photodiodes operating
in the visible range are silicon diodes, which have poor
responsivity in the relevant frequency range, limiting the
converted photocurrent [2]. Therefore, to boost the received
signal power, a combination of a large-area photodiode and
a high-gain transimpedance amplifier (TIA) is desirable to
detect the transmitted signal correctly. Unfortunately, large-
area photodiodes are associated with high junction capacitance
Cpd, which limits the receiver bandwidth, particularly when
followed by high input impedance or traditional 50 Ω TIAs.

To overcome the photodiode bandwidth limitation in VLC,
TIAs adopting negative feedback [3], and others with low
input impedance configurations, such as the regulated cascode
(RGC) [4–7] have been proposed. For instance, work in [6]
reports a modified RGC TIA for large-area photodiodes,
predicted a bandwidth of 200 MHz at 2 kΩ transimpedance
gain with an equivalent Cpd of 300 pF. Such remarkable
bandwidth performance at an exceptionally high Cpd is a
virtue of the ultra-low input impedance of the RGC TIA.
Nevertheless, such TIA designs are based on a simplified
photodiode equivalent circuit, which models the photodiode
behaviour simply as a current source in parallel with a shunt
capacitance Cpd. This overlooks other bandwidth-limiting
effects arising from intrinsic elements of the photodiode or
extrinsic parasitic factors. Alas, discarding the bandwidth-
limiting effects of such elements and assuming a simplified
photodiode equivalent circuit model was shown to be

insufficient in predicting the photodiode behaviour accurately
and, as such, may mislead the design of the TIA [8].

The equivalent circuit model of photodiodes is crucially im-
portant in optimising TIA performance. Work in [8–10] reports
full and accurate high-frequency modelling and parameter ex-
traction of photodiodes, accounting for all intrinsic photodiode
elements such as its series resistance Rs, pad capacitance Cp

and extrinsic feed-line inductance Ls. In particular, work in
[8], reports modelling and parameter extraction for large-area
photodiodes akin to devices used in VLC. The photodiode
modelling identifies Rs as a major contributor to the band-
width limitation of VLC receivers, especially when employing
a combination of a large-area photodiode and low input
impedance TIA. Such resistance is often in the range of few
ohms; therefore, it became a convention for circuit designers to
ignore it [3–7, 11], since it is assumed that such resistance has
a negligible effect on the TIA performance. Nevertheless, such
resistance adds to the TIA input resistance and, in turn, inflicts
an additional bandwidth-limiting factor for optical receivers.

In this work, we propose a new method for using negative
impedance converters (NICs) to enhance the bandwidth of
optical receivers utilising large-area photodiodes. The idea is
to neutralise the bandwidth-limiting effect of the photodiode
series resistance by introducing an in-series negative resistance
between the photodiode and the TIA, reducing the net input re-
sistance at the TIA and, thereby, enhancing the receiver band-
width. First, we demonstrate a negative resistance circuit based
on the well-known Linvill NIC [12]. Subsequently, the applica-
tion of NICs to extend the bandwidth of photodiodes is demon-
strated in conjunction with a low input impedance RGC TIA.

II. DESIGN OF THE NEGATIVE IMPEDANCE CONVERTER

A NIC is defined as a two-port network that presents
negative impedance at one port when terminated by the
corresponding load impedance at the other port [12]. NICs
can be devised in various ways, Linvill cross-coupled pair
[12–14], other two-transistor configurations [15, 16] and using
operational amplifiers [17]. Essentially, they all apply positive
feedback to manipulate the voltage-current relation of a load
impedance to achieve phase inversion at the output port and,
as such, generate negative impedance.

NICs can generate either negative resistance, negative
inductance or negative capacitance. Due to their attractive
capability of creating unconventional impedances, such
networks are widely used to improve the performance of
various applications. For example, enhancing the bandwidth
of amplifiers by neutralising bandwidth-limiting capacitances
[18, 19], broadband matching of small electrical antennas to
overcome the gain-bandwidth restriction [20, 21] and more
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Fig. 1: Linvill OCS NIC generating floating negative resis-
tance, inset: Fabricated PCB

recently, in extending the bandwidth of optical transmitters
by neutralising the bandwidth-limiting capacitance of light
emitting diodes (LEDs) [16].

In this work, the floating negative resistance element gener-
ation is achieved using the Linvill NIC shown in Fig. 1. The
circuit is one of two varieties introduced by Linvill in [12],
which are classified according to their stability as short circuit
stable (SCS) and open circuit stable (OCS) NICs, in balanced
and unbalanced forms suggesting the negative impedance gen-
erated is either floating or grounded impedance, respectively.
A grounded-type NICs are suitable to be connected as a shunt
element, whereas the floating-type NICs are to be connected
as in-series element to a network.

Fig. 1 shows the OCS balanced Linvill NIC, which is based
on a cross coupled pair of transistors Q1 and Q2, where
the bases of each transistor is connected to the collector of
the other to form a positive feedback loop to achieve phase
inversion between the current and voltage, i.e. the voltage
and current of the load resistance RL are out of phase. As
a result, assuming ideal transistors, the NIC resistance at the
emitter nodes is given by:

RNIC ≈ 2

gm
−RL (1)

Where gm is the transconductance of the transistors. Clearly,
if RL > 2/gm, then the overall resistance is negative.
Accounting for the non-ideal intrinsic capacitances of the
transistors will result in a frequency-dependent negative
resistance in series with inductive reactance [12, 14, 21], such
that the NIC impedance ZNIC is given by:

ZNIC = RNIC + jωLNIC (2)

Hence, the NIC impedance ZNIC can be emulated by a
passive equivalent circuit that is a combination of negative
resistance RNIC in-series with inductance LNIC as shown in
Fig. 1. Such an inductive component will affect the integrity
of the generated negative resistance and make it frequency-
dependent. It will be possible to offset this undesirable effect

 !"

 !#

 !$

 !%

 !&

 "

 #

'
()

*+
,
-
.-

/0
1
2
,
3*
4

'
()

3*
56

7

8&&%9&%&&!9&!&&9&&

*:+,;<,12=*5>?@7

* *4AB*88*6

* *4AB*88*63*A1B*%C9*1?

* *4AB*88*63*A1B*$CD*1?

(a)

 !

"!

#!

$!

%!

!

&
'(
)*
+
,
-
.,
/
-
+
0)
1
&
'(
)2
3
4

#!!$ !$!!% !%!! !!

)56+78+/-9)2:;<4

)*1=)##)3

)*1=)##)30)1/=)$> )/;

)*1=)##)30)1/=)">?)/;

(b)

Fig. 2: Measured (solid) and simulated (dashed) NIC (a) resis-
tance (b) reactance, with /without compensating inductance Ln

by placing a compensating inductor Ln in series with RL

so that the NIC generates negative inductance to cancel the
effect of LNIC .

It is worth noting that NICs are prone to instability due
to the nature of their operation, which incorporates positive
feedback. Therefore, to prevent NICs from oscillating, it is
necessary to adhere to the stability criterion of the specific
NIC configuration and carefully design the layout to minimise
the length of the tracks, especially within the feedback loop,
to avoid compromising the NIC stability. Extensive studies of
NIC stability are covered in [13, 14].

Using discrete components, a negative resistance of −12 Ω
is generated. The NIC circuit in Fig. 1 was implemented on a
FR4 printed circuit board (PCB) and populated using silicon
NPN transistors BFR520U (fT = 10 GHz) and surface mount
devices (SMD) including all resistors and capacitors. The
collector currents are set to IC1 = IC2 = 3 mA, at VCC =
6 V. Whereas, RL = 33 Ω, additional stabilising resistors,
at the base of each transistor were used (not shown in Fig),
Rstb = 100 Ω.

Despite being designed as a balanced configuration NIC,
the initial measurements of the NIC circuit are conducted in
the unbalanced (grounded) mode only (where one terminal
of ZNIC port is short circuited to ground). This is done to
simplify the measurement process. To test the NIC perfor-
mance, first, the return loss (S11) of the fabricated NIC are
measured using a vector network analyser (VNA). the S11 are
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Fig. 3: Linvill OCS NIC circuit generating an in-series negative resistance to neutralise Rs +RT , inset: Fabricated PCB

then converted into corresponding impedance parameters to
obtain the real and imaginary parts of the NIC impedance.

The utility of the NIC circuit is demonstrated by plotting
its negative resistance and inductive reactance. Moreover, the
effect of offsetting the undesirable LNIC , using the additional
compensating inductor Ln is demonstrated for Ln = 2.5 nH
and 4.7 nH. Fig. 2 shows the simulated and measured resis-
tance and reactance of the NIC circuit with and without Ln.
Clearly, measurements show good agreement with simulations.
From Fig. 2a (red curve), it can be seen that the generated neg-
ative resistance starts at −12 Ω and increases as a function of
frequency. Such value is slightly different from the value given
by (1), which is expected since (1) does not account for the
non-ideal effect of the transistors and the additional resistors
Rstb. Moreover, adding the compensating inductor Ln = 2.5
nH, reduces the frequency-dependent behaviour of the gener-
ated negative resistance to become nearly flat across the rele-
vant frequency range. Such behaviour is reflected in Fig. 2b,
the inductive reactance is reduced by adding Ln, which is a
result of the compensation effect of Ln. Increasing Ln further
skews the behaviour of the generated negative resistance, so
it reduces as a function of frequency; such manipulation of
RNIC can aid in obtaining further bandwidth enhancement
when connected between the photodiode and the TIA.

III. APPLICATION OF NICS FOR BANDWIDTH
ENHANCEMENT OF VLC RECEIVERS

This section investigates the effect of offsetting the photo-
diode series resistance on the bandwidth of VLC receivers.
Initially, the photodiode equivalent circuit model is described.
Subsequently, a design of a low input impedance TIA, namely
the RGC TIA, is described. Finally, the bandwidth advantage
of the NIC circuit is demonstrated in conjunction with the
RGC TIA by implementing the circuit in Fig. 3.

A. Photodiode Passive Equivalent Circuit Model
This work adopts a photodiode passive equivalent model

based on a verified model reported in [8]. From Fig. 3, it can

be seen that the model accounts for the effect of Cpd, however,
unlike the simplified models of [3–7, 11], it also considers the
effect of Rs and the feed-line inductance Ls. In addition to, an
RC combination RT and CT , which were attributed to contacts
that are not fully ohmic and display some Schottky behaviour.

By analysing the stand-alone photodiode model in Fig. 3,
when loaded by a TIA, it is clear that the sum of resistances
Rs+RT is in series to the TIA input resistance Ra, such that
the receiver’s bandwidth can be approximated by:

BW ≈ 1

2π(Rs +RT +Ra)Cpd
(3)

Clearly, Rs + RT impose an additional bandwidth-limiting
factor on the receiver’s bandwidth.

In this work, the bandwidth extension is achieved by neu-
tralising the bandwidth-limiting effect of Rs+RT via a series
negative resistance RNIC . Ideally, if RNIC = Rs + RT ,
complete neutralisation of Rs+RT can be achieved, then the
receiver’s bandwidth would be solely dictated by the TIA input
resistance Ra. Nevertheless, this would require the generation
of pure negative resistance, with no associated reactance,
whereas the NIC impedance is a combination of frequency
dependent negative resistance in-series with the inductance
LNIC . Nevertheless, while complete neutralisation of Rs+RT

is not practicable, yet optimisation is feasible to enhance the
achievable bandwidth.

B. Low input impedance TIA design

In this work, a design example of an RGC TIA is briefly
described, which is to be used as the TIA following the NIC.
Fig. 3 shows the RGC configuration, which is widely described
as a modification to the common base (CB) stage (Q3) with
feedback presented by a common emitter (CE) stage (Q4); this
has the benefit of reducing the input resistance by a factor
approximately equals the voltage gain of the CE. Hence, the
RGC input resistance Ra is given by:
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Fig. 4: Measured (solid) and simulated (dashed) responses of
the RGC TIA and photodiode equivalent circuit with/without
the negative resistance compensation (a) Input impedance (b)
Transimpedance gain

Ra =
1

gm3(1 + gm4RC4)
(4)

where gm3 and gm4 are the transconductances of Q3 and
Q4, respectively, and RC4 is the load resistor of Q4. Such
configuration features ultra-low input resistance in the range
of a few Ohms to a fraction of an Ohm, which offers high
tolerance to exceptionally high Cpd. Details on the design of
the RGC and a modified variant are studied in [6].

C. Negative resistance & Low input impedance TIA

This section illustrates the bandwidth advantage of
neutralising the photodiode series resistances Rs + RT . This
is demonstrated by building two circuits on FR4 PCBs. First,
the RGC TIA with the photodiode equivalent model and the
second is the RGC TIA with the photodiode equivalent model
and the intermediate negative resistance stage as shown by cir-
cuit in Fig. 3, each circuit is built with the addition of an output
buffer-common collector (CC) stage.The PCBs are populated
using the BFU520A transistors and SMD for resistors and
capacitors. The values of the photodiode passive equivalent
model were based on a verified model and parameter extraction
of a commercially available silicon photodiode of area equals

100 mm2, at a reverse bias voltage of 12 V reported in [8]. The
parameter values are Cpd = 300 pF, Rs = 9.1 Ω, RT = 3.9 Ω
and Ls = 10 nH. The OCS NIC is biased at IC1 = IC2 = 3
mA and RL = 33 Ω and Ln = 15 nH. The RGC is biased at
IC3 = 1 mA, IC4 = 4 mA. The transimpedance gain is set
by RC3 = 1 kΩ. Whereas, RC4 = 150 Ω at VCC = 6 V.

Fig. 4 shows the measured and simulated responses of
the RGC TIA with the photodiode equivalent circuit model
with and without the negative resistance compensation. From
Fig. 4a, it can be seen that the addition of the OCS NIC stage
results in a significant reduction of the input resistance in rel-
ative to the RGC input impedance with the photodiode equiv-
alent circuit only. For the RGC and the photodiode equivalent
model, the resistance is approximately 15 Ω, corresponding to
Rs+RT +Ra. The addition of the OCS NIC reduces the input
resistance so that it is approximately 7 Ω, which corresponds to
Rs+RT+RNIC+Ra. Hence, the OCS NIC results in effective
neutralisation of Rs+RT . Nevertheless, such reduction in the
input resistance is also accompanied by frequency peaking.
This peaking is a result of the complex nature of the RGC
input dominant pole [6], this is, in addition to, the interplay of
the NIC inductance LNIC with the RGC TIA, which also leads
to the peaking effect. Therefore, care must be taken to choose
optimum value of RL and Ln to avoid excessive peaking.

The bandwidth advantage of offsetting Rs+RT is reflected
in the transimpedance gain frequency responses shown by
Fig. 4b. Our compensation technique achieves substantial
bandwidth enhancement of nearly 400%, relative to the
uncompensated RGC TIA. Such enhancement is due to the
reduction in the photodiode series resistance at the TIA input,
which pushes its dominant input complex pole to higher
frequencies. It is worth noting that the differences observed
between the simulated and measured frequency responses
are due to additional parasitic effects from the fabricated
PCB, which can be eliminated with improved PCB layout
design and fabrication. The bandwidth advantage of our
compensation technique is further accentuated by simulating
the frequency response of a 50 Ω input impedance TIA
using the same photodiode model in [8] (shown by green
curve in Fig. 4b), resulting in only 8 MHz as determined
by (3), as such our proposed circuit offers substantial
bandwidth improvement for VLC receivers of more than
1800% compared to traditional 50 Ω input impedance TIAs.

IV. CONCLUSION

This work reports the design and verification of a NIC
circuit to generate floating negative resistance to neutralise the
bandwidth limiting effect of the photodiode series resistance,
thereby extending the bandwidth of optical receivers. The
NIC performance is evaluated through the measurement of the
scattering parameters of a circuit constructed using discrete
components on a PCB. We demonstrate the bandwidth
advantage of the NIC by applying it to a photodiode
equivalent model, in conjunction with a low input impedance
TIA, which yields substantial bandwidth enhancement.
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