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Enhancing the Bandwidth of Low-Dropout
Regulators Using Power Transmission
Lines for High-Speed I/Os
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Abstract— Power supply rejection peaking in low-dropout
(LDO) voltage regulators can lead to reduced bandwidth and
efficiency. This paper presents a new design method by combining
power transmission lines (PTLs) with LDOs for enhancing
its bandwidth and efficiency. This approach is applicable for
LDOs regulating high-speed I/O drivers. The PTL combined
with decoupling capacitors on the package or board is used
to mitigate the power supply noise (PSN). This methodology
is demonstrated using printed circuit board test vehicles with
off-the-shelf components. Compared to conventional approaches,
the PTL solution showed an ∼80% lower PSN.
Index Terms— Low-dropout (LDO) voltage regulators, power
distribution network (PDN), power supply rejection (PSR), power
transmission line (PTL), return path discontinuity (RPD).

I. I NTRODUCTION
ODERN computer systems often include many voltage
supplies. These are generated using dc–dc converters
where buck converters are used to step-down the voltage
from a main dc supply. Depending on the voltage conversion
ratio, buck converters have a power efficiency in the range of
70%–90% [1]–[4]. The buck converters are also referred to as
voltage regulator modules (VRMs). To improve both power
efficiency and voltage regulation, the recent trend is to move
toward fully integrated voltage regulators (FIVR) to supply
both the core and I/O circuits for system-on-chip (SoC) applications [5]–[7]. One implementation of FIVR is to integrate the
buck converter with SoC as a two-chip solution on a package
with passives such as inductors and capacitors either surface
mounted or embedded in the package [8].
To ensure fine-grained power management, lowdropout (LDO) regulators are integrated in the SOC in
close proximity to the load. Several LDOs integrated in the
SOC are used to provide voltage regulation for both the core
and the I/O circuits. An embodiment of a VRM connected to
an LDO circuit is shown in Fig. 1. The voltage from the buck
converter is supplied to the LDOs using voltage and ground
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Fig. 1.

Two-chip voltage regulator (not drawn to scale).

planes in the package and/or printed circuit board (PCB),
as shown in Fig. 1. Oftentimes, voltage islands are used to
separate the core and I/O power distribution to minimize
noise coupling between the two. One of the challenges in the
implementation of LDOs is the power supply rejection (PSR)
peaking that occurs when its regulating feedback loop gain
reaches 0 dB. Around this frequency, the PSR of the LDO
degrades resulting in large PSN. Hence, it is important to
keep the impedance of the power delivery network (PDN) low
in this frequency range. For typical LDOs, the PSR peaking
occurs in the 50–100 MHz range [9], [10], a frequency
range where the chip-package or board antiresonances
occur [11], [12]. A combination of PSR peaking and large
package/board impedances can reduce the bandwidth of the
LDO regulator leading to excessive PSN. This can also
decrease the LDO efficiency. In this paper, our focus is on
the LDO regulators used for I/O drivers. As shown in Fig. 1,
our objective is to replace the power planes with power
transmission lines (PTLs) between the VRM and the LDO
regulator so as to enhance the bandwidth of the LDO, thereby
reducing noise at the power supply terminals of the I/O drivers.
PTLs, unlike power/ground planes, are high-impedance
structures that can be used for power delivery in computer systems. These structures have been shown to reduce PSN for I/O
drivers by eliminating return path discontinuities (RPDs) [13],
minimizing coupling in mixed signal circuits [14] and significantly reducing the coupling between signal and PDNs
in PCBs [15]–[17]. In this paper, we extend this concept
for LDO regulators with a goal of improving its bandwidth,
reducing PSN and enhancing system performance. We demonstrate these improvements through measurements on a PCB
containing commercial off-the-shelf (COTS) components by
comparing the PTL implementation to a more conventional
plane-based implementation.
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This paper is organized as follows: An overview of the
workings of an LDO with emphasis on PSR and efficiency
are discussed in Section II. Section III provides details on
the plane-based architectures for LDOs and its frequency
response. The tradeoff between energy conversion efficiency
and PSR is also shown by using two test cases. Section IV
details the PTL-based design and its frequency response. The
improved overall PSR and energy conversion efficiency for the
PTL is compared to the two plane-based test cases as well.
The methodology to codesign the PTL with LDO is discussed
in Section V. Section VI describes test vehicles implemented
using PTL and voltage-ground planes. The measured PSR of
the COTS LDO used on the test vehicles and PSN are shown
in Sections VII and VIII, respectively. Finally, conclusion is
provided in Section IX.
II. W ORKINGS OF AN LDO
This section describes the workings of an LDO using design
equations with emphasis on its loop gain, PSR, and efficiency.
Consider Fig. 2(a), where the buck converter supplies voltage
to the LDO through a PDN. The LDO regulator regulates the
voltage at its output, vOUT . The output of the LDO is shown
as a simple RC load. In the figure, vIN and vOUT contain both
dc and small signal ac components corresponding to the dc
voltage and voltage ripple, respectively. The PSR for the LDO
regulator can be defined as
PSR =

vout
∂vOUT
≡
∂vIN
vin

(1)

where vin and vout represent the small signal ac components
only. For an LDO regulator, the goal is to minimize PSR to
ensure that the LDO can effectively reject a large ripple at its
input to minimize ripple at its output.
An example of an LDO regulator circuit is shown
in Fig. 2(b), where a shunt-feedback loop is used for voltage regulation. To derive the PSR of the LDO regulator,
a small-signal voltage divider model can be used, as shown
in Fig. 2(c) [18]. In the figure, the error amplifier is used to
sense and regulate the LDO regulator output by modulating
the power transistor resistance of Q 1 . To simplify the analysis,
we assume that the negative feedback loop in the circuit can
be represented as a two-pole system, where the dominant
internal pole (P1 ) is at the gate of the pMOS transistor Q 1 ,
and a second pole (P2 ) is at the output of the LDO. In the
circuit, the low-frequency loop gain is ALG0. The frequencydependent loop gain ALG in Fig. 2(b) can be written as
ALG = 
1+

s
j 2π P 1

ALG0
 
∗ 1+

s
j 2π P 2



(2)

where s = j ω and ω is the angular frequency.
In Fig. 2(c), Z UP is the impedance between the input and
output of the LDO given by
Z UP =

vIN − vOUT
IpMOS

(3)

where IpMOS is the current through the pMOS transistor.
The shunt-feedback impedance, Z SH in Fig. 2(c), which is

Fig. 2. (a) Voltage distribution and regulation schematic. (b) LDO regulator
circuit. (c) Voltage-divider model [1].

the open-loop output impedance reduced by the loop gain
assuming vin is an ac ground can now be calculated as [18]
Z SH =

Z UP  Z LOAD  (R1 + R2 )
ALG

(4)

where Z LOAD is the parallel impedance of the output resistance
and capacitance, RLOAD and CLOAD , respectively. The pull
down impedance Z DN can now be calculated as the total
impedance from vOUT to ac ground, which is the impedance
of Z LOAD and Z SH in parallel, as shown in Fig. 2(c) [18]. The
PSR can now be derived as
PSR =

Z DN
∂vOUT
=
.
∂vIN
Z DN + Z UP
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frequency before pole P1 (Region 1), the loop gain is at
its maximum value, and the corresponding PSR is at its
minimum. This corresponds to good PSR, where the PSR can
be approximated as Z DN /Z UP since Z DN  Z UP . In Fig. 3,
pole P1 occurs at ∼1.5 MHz. Beyond pole P1 the loop gain
begins to decrease, thereby increasing impedance Z SH . The
PSR now begins to rise as shown in Fig. 3 until it peaks
near the 0 dB frequency ( f 0 dB ) at approximately 50 MHz.
At this frequency, the LDO has its worst regulation, and the
PSR can be approximated as Z DN /Z DN ∼
= 1 or 0 dB. From
Fig. 3, the PSR has a large value in the 40–100 MHz frequency
range (Region 2). Between Regions 1 and 2, the PSR is moderate. After the second pole P2 , which occurs at ∼66 MHz,
the impedance Z SH begins to decrease again causing the
PSR to decrease [18]. It is important to note that the PSR
of the LDO circuit can be affected by other parasitics in
the package and board. The important takeaway from the
analysis is the frequency range of 40–100 MHz where the
PSR peaking occurs, which coincides with the package and
board PDN antiresonances in most systems [11]. Therefore,
the PDN in Fig. 2(a) needs to be codesigned with the LDO
circuit to compensate the PSR peaking effect.
Along with the PSR, another important parameter for the
LDO circuit is its energy conversion efficiency (ηLDO ). The
efficiency can be defined as
ηLDO =

PO
ILOAD ∗ VOUT
VOUT
=
= ηI ∗
PO + Ploss
(I LOAD + I Q ) ∗ VIN
VIN
(6)

where Po and Ploss is the output power and the power loss,
ILOAD and I Q are the dc load and quiescent current as
in Fig. 2(a), respectively, and η I is the current efficiency. The
dc input and output voltages are related to each other by
VIN = VOUT + VDO

(7)

where VDO is the dropout voltage across the pMOS transistor,
as shown in Fig. 2(b); this results in
Fig. 3.

Simulated loop gain and PSR of the LDO circuit.

VOUT
VOUT
VOUT
≈
=
(8)
VIN
VIN
VOUT + VDO
where η I − 1 assuming quiescent current is negligible compared to ILOAD.
From (8), the VDO is an important parameter that determines
the efficiency where a lower VDO (or low Z UP impedance)
always results in higher conversion efficiency. However, good
PSR rejection for the circuit requires a large Z UP impedance.
Hence, a design solution to handle the tradeoff between PSR
and energy conversion efficiency is required. This is possible
by codesigning the PDN and LDO circuit such that both good
PSR and high efficiency are achievable. We provide details of
these design tradeoffs in Section III.
ηLDO = η I ∗

TABLE I
PARAMETERS U SED TO G ENERATE PSR AND L OOP G AIN OF AN LDO

From (5), to maintain good PSR, a high Z UP to reject noise
and a low Z DN to bypass current ripple away from the LDO
output are desired.
Using (2)–(5), the frequency response of the loop gain and
PSR are shown in Fig. 3. Typical LDO design parameters
used in obtaining the plot are shown in Table I. At lower

III. M ODELING AND S IMULATION
Traditionally, dc/dc converter and LDO are connected
through a PDN. The PDN consists of voltage/ground planes
and bulk/decoupling capacitors. The goal of designing the
PDN is to keep its impedance low in a wide frequency
range [19], [20]. However, a combination of the plane
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Fig. 4.

Plane PDN architecture connection between VRM and LDO.

and capacitor parasitics causes its impedance to increase.
In addition, the interaction between the chip and package causes an increase in its impedance as well. Most
of these high impedances occur in the frequency range of
40–100 MHz [21]–[24], a frequency range where the PSR
peaking occurs for typical LDO regulators (Region 2 in Fig. 3).
Our focus in this section is to quantify the impact of such high
PDN impedances on the workings of the LDO regulator, and
suggest remedies. In this section, we use structures used later
in measurements (Section VIII) to illustrate these effects.
Based on Fig. 2(a), the PDN delivers power from the buck
converter to the LDO circuit, which in turn regulates the voltage for the I/O drivers. Based on prior work [11], [21]–[24],
the PDN impedance in general peaks in the 50-MHz frequency
range. Since the impedance peak occurs due to the parallel
resonance between the chip capacitance and package/PCB
inductance, moving these impedances to lower or higher
frequencies can be difficult. For example, any reduction in the
inductance of the PDN to shift the impedance peak to higher
frequencies can be challenging due to the limitations posed
by the geometrical structures used in the package and PCB.
Similarly, pushing the impedance peak to lower frequency by
increasing the capacitance on chip can be difficult as well.
To capture the effect of the PDN impedance on the workings
of an LDO, we construct a circuit as shown in Fig. 4, where
voltage and ground planes measuring 6 × 5 in2 separated by
40 mil of FR-4 (dielectric constant is 4.5) are used in the PCB
to connect the buck converter to the LDO circuit. The capacitor
CIN in Fig. 4 is used to create a parallel resonance between
the planes and the capacitor. In Fig. 4, the self-impedance
at VIN looking toward the buck converter is constructed by
adding the capacitor CIN , which results in an impedance peak
around 50 MHz so as to mimic the behavior of the PDN in
realistic systems [21]–[24]. The self-impedance at port VIN
looking toward the buck converter is shown in Fig. 5 before
and after placing the capacitor. From the figure, the high
impedance can be seen around 50 MHz where CIN = 2.2
nF with ESR = 8 m and ESL = 400 pH has been used.
In Fig. 4, the switching converter is represented using a simple
series R-L circuit to capture its closed-loop impedance, where
L S = 2 nH and R S = 5 m.
Based on Figs. 4 and 5, we perform two sets of studies to
understand the effect of PDN impedance and dc resistance on
overall energy conversion efficiency, PSR and PSN centered
at 50 MHz. We assume VIN = 1.2 V and that the quiescent

Fig. 5.

Plane self-impedance with and without decoupling capacitor.

TABLE II
E NERGY C ONVERSION E FFICIENCY AND PSR C OMPARISON AT 50 MHz

current is negligible (ILOAD ∼
= IpMOS = 100 mA). The noise
current is assumed to be 5% of the load current at 5 mA.
In Fig. 4, the noise power spectrum density in the PSR peaking
region is represented by the shaded spike in frequency band
B3, where noise in other bands (B1, B2, and B4) is outside of
the PSR peaking region. From the figure, the noise spectrum
at the output of the LDO circuit can be high (B3) since the
impedance of the PDN is high in this frequency range.
Using a plane resistance (Rdc-plane) of 5 m, the LDO
model described in Section II has been used to calculate the
performance of the LDO circuit. Table II lists the PSR and
efficiency. The VS shown in Fig. 4 is the sum of VIN and the
voltage drop across the PDN due to the dc resistance. Two
cases have been studied, as described in Sections III-A and IIIB.
A. Case 1 (LDO Dropout Voltage, V D O = 0.4 V)
In the first study, we set the VDO across the LDO pMOS
transistor as 0.4 V. For ILOAD = 0.1 A, the power absorbed
2
by the PDN is PPDN = ILOAD
∗ R dc-plane = 50 μW; the power
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Proposed architecture to combine PTL with LDO.

loss due to the pMOS transistor is PDO = ILOAD ∗ VDO =
40 mW, and output power is POUT = ILOAD ∗VOUT = 80 mW.
Therefore, the input power is 120.05 mW according to
PIN = (PPDN + PDO ) + POUT = PLOSS + POUT .

(9)

The energy conversion efficiency of the system is therefore
POUT
= 66.6%.
(10)
PIN
The LDO PSN at node VIN in Fig. 4 can be calculated as
ηSYS =

VIN_noise = Z IN ∗ Inoise

(11)

where Inoise is the noise current, which is assumed to be 5 mA,
and Z IN is 99.45  from the simulation results. Based on the
LDO circuit model in Section II, the PSR was calculated as
−2.07 dB with a resulting PSN at the output of the LDO circuit
to be ∼0.39 V. The results of this case are shown in Table II.
B. Case 2 (V D O = 0.5 V)
In this paper, we improve the PSR of the LDO circuit by
increasing the VDO to 0.5 V. As can be seen in Table II,
the PSR improves by 16.6% to −3.65 dB, which was obtained
by setting VOUT = 0.7 V in the simulated LDO model. The
resulting PSN at the output of the LDO circuit is ∼0.33 V,
which improved by 16.6% compared to Case 1. However, due
to the increased dropout across the pMOS transistor, the power
efficiency reduces by 12.5%–58.3% compared to Case 1.
Hence, it is difficult to achieve high efficiency and low PSN
at the output of the LDO circuit simultaneously, especially at
frequencies where the PDN impedance peaks occur, as illustrated by the results in Table II. We provide a remedy for this
problem using PTLs, as described in Section IV.
IV. P OWER T RANSMISSION L INES
In Fig. 1, we first separate the PDN for the core and I/O
circuits where, unlike the voltage and ground planes used to
distribute power to the core, we use a narrow interconnection
to connect the buck converter to the LDO regulator for the I/O
circuits. This is shown in Fig. 6, where the PTL represents the
narrow interconnection. The PTL is referenced to the ground
plane used in the package and PCB to form a continuous loop
and represented as a microstrip line in Fig. 6. The architecture
in Fig. 6 was simulated in this section and compared to
Cases 1 and 2 described in Section III.
As an example, consider a PTL geometry that is 50 mil
wide, 5 in long, and with a dielectric thickness of 10 mil

Fig. 7.

PTL self-impedance with and without decoupling capacitor.

above a ground plane. The self-impedance of the PTL at
VIN of the LDO circuit is shown in Fig. 7. As expected,
the frequency response is very inductive compared to a typical
PDN structure. Placing a capacitor at the VIN port of the LDO
circuit results in an impedance peak due to the parallel resonance between the PTL inductance and capacitor capacitance.
By controlling the dimensions of the PTL and value of the
capacitor, the position of the impedance peak can be tuned,
thereby leading to low impedance in the PSR peaking region
of the LDO circuit. This is illustrated in Fig. 7, where the same
capacitor CIN (Fig. 4) is used in the circuit in Fig. 6, leading
to an impedance peak at ∼24 MHz. The resulting impedance
around 50 MHz is small at ∼1.68 . The effect of the small
PDN impedance is shown in Fig. 6, where the noise spectrum
density in the PSR peaking region shown as B3 is significantly
attenuated at the output of the LDO circuit, leading to smaller
PSN as we will show in the Case 3 study. Although there is
an impedance peak at ∼24 MHz in the PTL case, it is out of
the PSR peaking region. Therefore, the noise coupled to the
output of the LDO will be significantly attenuated by the LDO
due to the PSR. This is confirmed through measurements in
Section VIII in where the LDO used has even higher noise
rejection ratio. If the peaking at 24 MHz remains a concern,
other methodologies can be employed such as in [19]. In this
paper, we focus on the frequency region where PSR peaks.
Unlike a typical PDN, PTLs are easy to design and tune.
We compare the response of the LDO circuit described
in Fig. 6 to the two cases described earlier but with a
lower (VDO) to illustrate that both the efficiency and PSN can
be improved using this architecture.
A. Case 3 (V D O = 0.3 V)
In Fig. 6, we set the VDO across the pMOS transistor to
0.3 V resulting in a worsening of the PSR to −0.405 dB
according to the simulated LDO model by setting VOUT =
0.9 V. However, since the self-impedance of the PDN that is
1.68  is much lower compared to the previous cases at around
50 MHz, the resulting PSN at the output of the LDO circuit
is 8.04 mV, as represented by the significantly reduced noise
power spike in B3 of Fig. 6 at the LDO output. Compared
to Case 1, the PSN reduces by 97.9% using PTL. Although
the PTL has a higher simulated dc resistance (48.5 m in this
example), the overall energy conversion efficiency is 74.7%,
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an improvement of 12.1% compared to Case 1 due to the lower
VDO . As can be seen from Table II, the results for Case 3
are much better compared to both Cases 1 and 2 in terms of
efficiency and PSN.
We conclude therefore that by codesigning the PTL with
the LDO circuit, significant improvements in overall energy
conversion efficiency and PSN are possible.
V. D ESIGN OF P OWER T RANSMISSION L INES
Unlike power planes, PTLs are easier to design. Since
voltage and ground planes are 2-D structures, they behave as
a cavity resonator resulting in standing-wave resonances along
two dimensions [11]. In contrast, PTLs are 1-D structures and
hence the standing-wave resonances occur only along a single
dimension. Since the PTL connects the buck converter to the
input of the LDO circuit, the dc resistance of the PTL needs to
be controlled to maximize the system efficiency. In addition,
the inductance of the PTL needs to be controlled to ensure
that the parallel resonance between the PTL and capacitor
leads to low impedance in the PSR peaking range. These can
be managed by designing the PTL with suitable width (W ),
length (L), and dielectric thickness (D) as shown in Fig. 1.
As an example for an LDO circuit with a VDO of 0.3 V,
the dc drop across the PTL can be budgeted to be 2% of the
VDO , which translates to a system efficiency of ∼70% for a
1 V input. For a load current of 0.1 A, the dc resistance of
the PTL therefore needs to be 60 m. This parameter can be
used to determine the W and L of the PTL based on
L
(12)
R=ρ
W ×T
where ρ is the resistivity and T is the thickness of the line.
Similarly, since the inductance of a microstrip line can be
approximated as [25]

Fig. 8. Current return path during a low-to-high transition for signal line
referenced to planes. (a) Voltage above ground plane. (b) Ground plane above
voltage plane.

L = 0.00508
  ∗L 


2∗L
W+D
∗ ln
+ 0.5 + 0.2235 ∗
. (13)
W∗D
L
Depending on the inductance required, the width W , length L,
and dielectric thickness D can be suitably adjusted. Therefore,
the design equations in (12) and (13) can be co-optimized to
determine the optimum values for W , L, and D that provide
the lowest dc resistance and the desired inductance.
In the event that the LDO was already designed or preselected, its PSR peaking can be characterized. The information can then be used to design the PTL. Furthermore,
the parameters of the LDO such as its VDO can be adjusted
with the addition of the PTL to reach an optimal point of
operation in where both good energy efficiency and high PSR
rejection can be reached. Therefore, it is a good practice to
share information between the LDO and the PTL during the
planning and design phases.
Signal distribution networks in the package and PCB often
incur RPDs due to the interruption in current return path
of signal lines. RPDs can lead to significant signal integrity
issues such as ground bounce, simultaneous switching noise,
and crosstalk to name a few [26], [27]. When planes are
used, irrespective of the signal referencing (signal referenced

Fig. 9. Current return path during a low-to-high and high-to-low transition
using PTL.

to voltage or signal referenced to ground), the interruption
in the current path causes RPDs that can affect signal and
power integrity. The source of these discontinuities is shown
in Fig. 8, where the receiver is terminated by a resistor in
parallel. The current path for the charging of the signal line
is shown in Fig. 8 (discharging scenario not shown), where
RPDs occur due to the return current transitions between inner
planes [26]. In Fig. 8, an LDO is included in the PDN along
with ground reference for completeness, which is an extension
of the structures described in [13].
In contrast, the signal trace in the construction of the PTL
references the ground plane. This eliminates the voltage plane
for I/O circuits and hence inherently ensures an uninterrupted
current return path regardless of the data transition direction,
as shown in Fig. 9. This significantly improves signal and
power integrity in systems as demonstrated in [13]. Since PTLs
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TABLE III
T EST V EHICLE PCB S TACK -U P I NFORMATION

Fig. 10.

Fig. 11.

Schematic of PTL PCB showing the main components and ports.

Fig. 12.

Measurement setup for PSR measurement.

PTL test vehicle.

are primarily inductive, they are high-impedance structures,
as opposed to power planes that have low impedance. In the
past, we have shown that using PTLs to power I/O drivers
improves eye height and jitter by over 15% and 36% [13],
respectively, since any coupling between the signal and PDN
is minimized [15]–[17]. Furthermore, we have shown that a
single PTL can be used to power multiple drivers [15]. Hence,
along with improving LDO efficiency and PSN, PTLs provide
significant SI benefits as well.
VI. T EST V EHICLE D ESIGN
In this section, we validate the results from the previous
sections using PCB test vehicles with COTS components.
A. Design of Printed Circuit Board Test Vehicles
Three four-layer PCBs were designed and fabricated. The
first PCB design used PTL, while the other two used power and
ground planes to connect to the input of the LDO circuit. The
layer assignments for all three boards are shown in Table III.
The PCBs using planes were categorized as groundpower (GP) and power-ground (PG). This was done to look
at two scenarios where the signal line is either referenced
to the ground or voltage plane. The PTL PCB had no inner
power layers since the power was delivered using PTL, which
was routed on the bottom layer. A 50-mil-wide PTL was
used to supply the LDO chip, where the PTL length was
∼4.98 in. This translates to a characteristic impedance of
25 . The measured dc resistance was ∼30 m using a digital
voltage meter. The measured inductance was approximately
3.97 nH at 100 MHz. The PTL PCB design layout is shown
in Fig. 10 showing the critical components and dimensions.
The PCB material information and dimensions are the same
as in Section III and are also detailed in [16]. The PCBs using
planes had the same construction as Fig. 10 (except for the
PTL) and are therefore not shown. The measured dc resistance
of the plane was ∼20 m.

B. Schematic Design and PCB Layout
Each test vehicle included an LDO supplying two highspeed I/O buffers and a 27  load resistor, R L , as shown
in Fig. 11. The buffers and LDO regulator were from
On-Semiconductor (P/N: NBSG16VS) and Linear Technology (model number: LT3083 [28]), respectively.
The VIN pin in Fig. 11 represents the LDO power input,
which was connected to the PDN. The VOUT pin in Fig. 11 represents the power output and was connected to power various
loads including high-speed buffers and a 27- resistor R L as
shown in Fig. 11. The VCTRL pin in Fig. 11 was decoupled
using a 4.7-μF capacitor (not shown). The SET pin was
connected to a resistor and bypassed by a capacitor (not
shown) and used to ensure the output was set to ∼2.5 V. Port 1
was bypassed using a 0603 1 μF capacitor, which was used
for connecting to the external power supply source. Differential buffers were used as pseudo single-ended transmitters,
as detailed in [15].
VII. P OWER S UPPLY R EJECTION M EASUREMENT
Fig. 12 shows the test setup used for measuring the PSR of
the LDO chip. A signal generator was used as a noise source
to generate a sinusoid. Its output was connected to the input of
a 1:2 splitter. One output of the splitter was monitored using
an oscilloscope. The other output was connected to the RF
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Fig. 13.

Measured PSR of LT3083 LDO chip.

port of a three-port bias tee module, as shown in Fig. 12. The
dc port of the bias tee was connected to an external power
supply to bias the VIN pin of the LDO. The output of the bias
tee, which was the sum of the RF and dc inputs, was then fed
into the LDO input.
The LDO output voltage was set to 2.5 V while driving a
27- resistor. Therefore, the load current was ∼100 mA. The
LDO VDO was ∼0.3 V. As the frequency of the input sinusoid
was varied from 10 to 150 MHz with 10-MHz increment,
the amplitude of the ac noise at the LDO output (vOUT )
was measured. The ratio of noise to ac input voltage (vin =
100 mV) was used to obtain the PSR as a function of
frequency, similar to (1). The PSR plot is shown in Fig. 13.
As can be seen, the PSR of the LDO peaks in the region
centered around 50 MHz, similar to Fig. 3. This measurement
is the baseline measurement.
VIII. P OWER S UPPLY N OISE M EASUREMENT R ESULTS
In this section, we compare the power integrity for the three
boards under different load conditions.
A. PSN Under Static Load
The impedance profile of the PDN for the three test vehicles
were measured at ports 1 and 2 using an Agilent E8363B
network analyzer. The test setup and measurement results are
shown in Fig. 14. An impedance peak at ∼100 MHz for
both PG and GP PCBs at port 2 near the LDO chip can be
seen, while this occurs at ∼150 MHz for the PTL PCB. The
transfer impedance (Z 21) from ports 1 to 2 was measured
for all three test vehicles and is shown in Fig. 15. As can
be seen, the Z 21 impedance for the PTL design is lower by
∼10 dB compared to the plane designs. Therefore, less noise
from port 1 is coupled to port 2, as shown in [16] and [17].
For each test vehicle, an ac noise source was injected into
port 1 with a ∼100-mV sinusoid in the same aforementioned
frequency range. The measured PSN at the LDO chip output
for the plane and PTL PCBs is shown in Fig. 16. We observe
two noticeable noise surges at around the 50- and 100-MHz
regions for GP and PG PCBs. The peaking at 100 MHz is due
to the high self-impedance and transfer impedance, as shown

Fig. 14.
Impedance measurement at dc supply port (right) and LDO
location (left).

Fig. 15. Measured coupled impedance from ports 1 to 2, which is near LDO
LDO V I N pin.

in Figs. 14 and 15. Furthermore, the coupled impedances in the
50-MHz region for both the plane cases are ∼10 dB higher
than that of the PTL design, hence more noise is coupled
to the LDO input from port 1 compared to the PTL design
[16], [17]. Since the LDO is ineffective in rejecting noise in
this frequency range, higher noise resulted at the LDO output
for both plane cases compared to the PTL case, as shown
in Fig. 16. Although the impedance peaked at 150 MHz at
port 2 for the PTL PCB, the impedance at port 1 is relatively
low. Therefore, less noise appears at port 2 after propagating
through the PTL. Since the LDO chip has good PSR at
150 MHz, the impedance peak at 150 MHz is not an issue.
However, the second peaking at ∼50 MHz for the plane
PCBs is a concern due to the ineffectiveness of PSR of the
LDO at ∼50 MHz to reject it (Fig. 13). This leads to larger
noise at the LDO chip output.
To bypass the 100-MHz noise, a 1-nF capacitor was added
near the LDO input pin. The self-impedance at port 2 near the
LDO VIN pin was remeasured and is shown in Fig. 17. The
solid curve represents the self-impedance at port 2 for the
plane PCBs before adding the 1-nF decoupling capacitor.
The dotted line represents the impedance after adding the
capacitor. As can be seen, the peaking at 100 MHz was effectively suppressed. However, an impedance peak at ∼50 MHz
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Fig. 16. Measured noise at LDO output with ∼100 mV P-P noise source
and frequency from 10 to 150 MHz.
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Fig. 18. Measured noise at LDO output when noise source is ∼100 mV P-P
with frequency from 10 to 150 MHz and Cin is 1 nF.
TABLE IV
M EASURED P OWER S UPPLY N OISE AT LDO O UTPUT W ITH 100-MHz
I NPUT N OISE S OURCE B EFORE AND A FTER A DDING C I N

TABLE V
M EASURED P OWER S UPPLY N OISE AT LDO O UTPUT W ITH 50 MHz I NPUT
N OISE S OURCE AT LDO I NPUT B EFORE AND A FTER A DDING C I N

Fig. 17. Measured self-impedance at port 2 near the LDO input after adding
a 1-nF decoupling capacitor at LDO V I N pin.

was generated due to the parallel combination of the capacitor
and the plane. To further exacerbate the issue, this high
impedance lies within the PSR peaking region of the LDO
(Fig. 13).
Fig. 18 shows the remeasured PSN at the LDO output after
the addition of the 1-nF capacitor. The noise level at 100 MHz
was successfully suppressed to below 5 mV peak–peak for the
PG and GP PCBs as shown by the dotted line and solid line
in Fig. 18, respectively.
Table IV compares the measured PSN at the LDO output
at 100 MHz, showing that it has been reduced by over 76%
for both plane PCBs after adding the capacitor (C IN ).
However, the measured noise due to a 50-MHz stimulus
as shown in Table V showed little improvement in the LDO
output noise for the plane designs. The measured noise was
very low at around 5 mV for the PTL PCB as indicated by
the dashed line in Fig. 18.
Table V shows that the PTL PCB offered significant reduction in PSN (over 80%) after adding CIN compared to the
plane PCBs due to the lower impedance of the PDN at the

LDO input.
The peak at around 38 MHz for the PTL PCB as indicated
by the dashed-dotted line in Fig. 17 was out of the LDO
PSR peaking region and, therefore, poses no issue to power
integrity.
B. Measurement Under Active Load
In this section, the 27- load resistor (R L ) was deactivated.
Instead, the high-speed buffer was utilized and was driven by a
clock signal to create a dynamic load for the LDO, as shown
in Fig. 11. The input and output signal ports of the buffer
are marked in Figs. 10 and 11. The signaling method used
at the output was pseudo single-ended signaling, as described
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the LDO. Therefore, the implementation of the PTL resulted
in a much lower PSN compared to the plane cases.
IX. C ONCLUSION

Fig. 19.
Measured power supply noise spectrum due to 50-MHz clock
excitation at the LDO output (PTL PCB).

Typical LDO circuits exhibit PSR peaking effect that falls
in the 40–100 MHz range, a frequency range where most
of the chip-package and PCB antiresonances occur. This limits
the bandwidth of the LDO circuit to control PSN. Improving
the PSR can often result in decrease in energy efficiency.
In this paper, we demonstrated a method where the PSN and
efficiency of the LDO circuits can be improved by codesign of
the PDN and LDO circuit. We showed through simulations that
by using PTLs in the PDN, both the PSN and efficiency can
be improved by ∼98% and 12.1%, respectively, compared to
more conventional designs using voltage-ground planes. These
results were validated through measurements on test vehicles
using COTS components, where an improvement of ∼80% in
PSN was observed compared to more traditional plane-based
design approaches.
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