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LDO noise examined in detail

Introduction
Requirements and expectations for telecommuni-
cation systems continue to evolve as complexity 
and reliability of the communication channels 
continue to increase. These communication sys-
tems rely heavily on high-performance, high-speed 
clocking and data-converter devices. The perform-
ance of these devices is highly dependent on the 
quality of system power rails. A clock or converter 
IC simply cannot achieve top perform ance when 
powered by a dirty power supply. Just a small 
amount of noise on the power supply can cause 
dramatic negative effects on the perform ance. 
This article examines a basic LDO topology to find 
its dominant noise sources and suggests ways to 
minimize its output noise.

A key parameter indicating the quality of a 
power supply is its noise output, which is com-
monly referred by the RMS noise measurement or 
by the spectral noise density. For the lowest RMS 
noise or the best spectral noise characteristics, a 
linear voltage regulator like a low-dropout voltage 
regulator (LDO) always has an advantage over a 
switching regulator. This makes it the power sup-
ply of choice for noise-critical applications.

Basic LDO topology
A simple linear voltage regulator consists of a 
basic control loop where a negative feedback is 
compared to an internal reference in order to pro-
vide a constant voltage—regardless of changes or 
perturbations in the input voltage, temperature, or 
load current.

Figure 1 shows a basic block diagram of an LDO 
regulator. The red arrow indicates the negative-
feedback signal path. The output voltage, VOUT, is 
divided by feedback resistors R1 and R2 to provide 
the feedback voltage, VFB. VFB is compared to the 
reference voltage, VREF, at the negative input of 
the error amplifier to supply the gate-drive voltage, 
VGATE. Finally, the error signal drives the output 
transistor, NFET, to regulate VOUT.

A simplified analysis of noise begins with Figure 2. 
The blue arrow traces a subset of the loop repre-
sented by a common amplifier variation known as a volt-
age follower or power buffer. This voltage-follower circuit 
forces VOUT to follow VREF. VFB is the error signal referring 
to VREF. In steady state, VOUT is bigger than VREF, as 
described in Equation 1:

By Masashi Nogawa
Senior Systems Engineer, Linear Regulators

Power Management

VIN

COUT

R1

R2

VREF

VGATE

+

–

+

–

NFET

OUT Node (V )OUT

FB Node
(V )FB

Error
Amp

Figure 1. Negative-feedback loop of LDO
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where 1 + R1/R2 is the gain that the error amplifier must 
have to obtain the steady-state output voltage (VOUT).
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Figure 2. Reference-voltage buffering of LDO

LDO 噪声详解

作者：Masashi Nogawa，
德州仪器 (TI) 线性稳压器高级系统工程师

引言

随着通信信道的复杂度和可靠性不断增加，人们
对于电信系统的要求和期望也不断提高。这些通
信系统高度依赖于高性能、高时钟频率和数据转
换器器件，而这些器件的性能又非常依赖于系统
电源轨的质量。当使用一个高噪声电源供电时，
时钟或者转换器 IC 无法达到最高性能。仅仅只
是少量的电源噪声，便会对性能产生极大的负面
影响。本文将对一种基本 LDO 拓扑进行仔细研
究，找出其主要噪声源，并给出最小化其输出噪
声的一些方法。

表明电源品质的一个关键参数是其噪声输出，它
常见的参考值为 RMS 噪声测量或者频谱噪声密
度。为了获得最低 RMS 噪声或者最佳频谱噪声
特性，线性电压稳压器（例如：低压降电压稳压
器，LDO），始终比开关式稳压器有优势。这让
其成为噪声敏感型应用的选择。

基本 LDO 拓扑

一个简单的线性电压稳压器包含一个基本控制环
路，其负反馈与内部参考比较，以提供恒定电
压—与输入电压、温度或者负载电流的变化或者
扰动无关。

图 1 显示了一个 LDO 稳压器的基本结构图。红
色箭头表示负反馈信号通路。输出电压 VOUT 通
过反馈电阻 R1 和 R2 分压，以提供反馈电压 
VFB。VFB 与误差放大器负输入端的参考电压 VREF 
比较，提供栅极驱动电压 VGATE。最后，误差信
号驱动输出晶体管 NFET，以对 VOUT 进行调节。

简单噪声分析以图 2 作为开始。蓝色箭头表示
由常见放大器差异代表的环路子集（电压跟随
器或者功率缓冲器）。这种电压跟随器电路迫使 
VOUT 跟随 VREF。VFB 为误差信号，其参考 VREF。

图 1 LDO 负反馈环路

图 2 LDO 参考电压缓冲

在稳定状态下，VOUT 大于 VREF，其如方程式 1 所描述：

其中，1 + R1/R2 为误差放大器必须达到稳态输出电压 
(VOUT) 的增益。
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Suppose the voltage reference is not ideal and 
has an effective noise factor, VN(REF), on its DC 
output voltage (VREF). Assuming all circuit blocks 
in Figure 2 are ideal, VOUT becomes a function of 
the noise source. Equation 1 can be easily modi-
fied to account for the noise source, as described 
in Equation 2:

OUT N(OUT) REF N(REF)
R1

V  V 1  (V V ),
R2

 + = + × +  
 (2)

where VN(OUT) is the independent noise contribu-
tion to the output, expressed by Equation 3:

 
N(OUT) N(REF)

R1
V 1  V

R2
 = + ×  

 (3)

From Equations 2 and 3, it’s clear that a higher 
output voltage generates higher output noise. The 
feedback resistors, R1 and R2, set (or adjust) the 
output voltage, thereby setting the output noise 
voltage. For this reason, many LDO devices char-
acterize the noise performance as a function of 
out put voltage. For example, VN = 16 µVRMS × 
VOUT illustrates a standard form describing the 
output noise.

Dominant sources of LDO output- 
voltage noise
For most typical LDO devices, a dominant source 
of output noise is the amplified reference noise in 
Equation 3. This is generally true even though the 
total output noise is device-dependent. Figure 3 is 
a complete block diagram showing each equivalent- 
noise source corresponding to its respective circuit 
element. Since any device with current flowing 
through it is a potential noise source, every single 
component in Figure 1 and Figure 2 is a noise 
source.

Figure 4 is redrawn from Figure 3 to include all 
equivalent-noise sources referenced at the OUT 
node. The complete noise equation is

 

N(OUT) N(AMP) N(FET)

N(REF) N(R1) N(R2)

R1
V V  V  1  

R2

(V  V  V ).

 = + + +  
× + +

 (4)

In most cases, because the reference-voltage block, or 
bandgap circuit, consists of many resistors, transistors, 
and capacitors, VN(REF) tends to dominate the last three 

noise sources in this equation where VN(REF) >> VN(R1) or 
VN(REF) >> VN(R2). Thus, Equation 4 can be simplified to

 
N(OUT) N(AMP) N(FET) N(REF)

R1
V V  V  1  V

R2
. = + + + ×  
 (5)
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Figure 3. LDO topology with equivalent-noise sources
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Figure 4. LDO topology with a consolidated noise source

假设电压参考不理想，并在其D C输出电压
（VREF）上有一个有效噪声因数VN（REF）。假设图 
2 中所有电路模块均理想，VOUT 便为噪声源的函
数。可以轻松地对方程式 1 进行修改，以考虑到
噪声源，如方程式 2 所示：

其中，VN（REF） 为输出的单独噪声影响因素，如
方程式 3 所示：

通过方程式 2 和 3，我们可以清楚地看到，更
高的输出电压产生更高的输出噪声。反馈电阻 
R1 和 R2 设置（或者调节）输出电压，从而设
置输出噪声电压。因此，许多LDO器件的特点
是，噪声性能与输出电压有关。例如，VN = 16 
µVRMS×VOUT 说明了一种标准的输出噪声描述方
式。

在大多数情况下，由于参考电压模块即能带隙电路由许
多电阻器、晶体管和电容器组成，因此 VN（REF） 往往会
大于该方程式中最后三个噪声源，其中 VN(REF) >> VN(R1) 

主要 LDO 输出电压噪声源

对于大多数典型的LDO器件来说，主要输出噪声
源为方程式3所示经过放大的参考噪声。虽然总
输出噪声因器件不同而各异，但一般都是如此。
图 3 为一个完整的结构图，显示了其各个电路组
件的相应等效噪声源。由于任何有电流流过的器
件都是一个潜在的噪声源，图 1 和图 2 所示所
有单个组件均为一个噪声源。

图 4 由图 3 改画而来，目的是包括 OUT 节点的
所有等效参考噪声源。完整的噪声方程式为：

图 3 等效噪声源 LDO 拓扑

图 4 统一噪声源 LDO 拓扑

或者 VN(REF) >> VN(R2)。因此，方程式 4 可以简化为：
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For higher-performance LDO devices, it is com-
mon to add a noise-reduction (NR) pin to shunt 
reference noise to ground. Figure 5 illustrates 
how the NR pin works to reduce noise. Since it is 
known that VN(REF) is the dominant output-noise 
source, an RC filter capacitor, CNR, is inserted be-
tween the reference-voltage block (VREF) and the 
error amplifier to reduce this noise. This RC filter 
reduces the noise by an attenuation function of

 
( )

RC 2
p

1G (f ) 1,
1 f f

= <
+

 (6)

where

 
p

NR NR

1f .
2 R C

= π × ×

The amplified reference noise is therefore reduced 
to (1 + R1/R2) × VN(REF) × GRC, and Equation 5 
then becomes

 

N(OUT) N(AMP) N(FET)

N(REF) RC

R1
V V  V  1  

R2

V   G .

 = + + +  
× ×

 (7)

In the real world, all control signal levels are  
frequency-dependent, including the noise signal.  
If the error amplifier has limited bandwidth, the 
high-frequency reference noise (VN(REF)) is fil-
tered by the error amplifier in a way similar to 
using an RC filter. But in reality an error amplifier 
tends to have a very wide bandwidth, so the LDO 
device has very good power-supply ripple rejection 
(PSRR), which is another key performance param-
eter of high-performance LDOs. To satisfy this 
conflicting requirement, IC vendors settle on hav-
ing a wide-bandwidth error amplifier for the best 
PSRR over less noise. This decision leads to using 
an NR pin function if low noise is also mandatory.

Controlling reference noise in a  
typical circuit
Amplified reference noise
The Texas Instruments (TI) TPS74401 LDO was used for 
testing and measurements. The common setup parameters 
are shown in Table 1. Please note that a soft-start capacitor, 
CSS, in the TPS74401 datasheet1 is referred to as a noise-
reduction capacitor, CNR, in this article for easier reading.

First, the effect of the amplifier gain was examined with 
a negligibly small CNR. Figure 6 shows RMS noise versus 
output-voltage settings. As discussed earlier, the dominant 
noise source, VN(REF), is amplified by the ratio of the feed-
back resistors R1 and R2. Equation 7 can be modified into 
the form of Equation 8:

 
N(OUT) N(Other) N(REF) RC

R1
V V  1  V G

R2
, = + + × ×    (8)

where VN(Other) is the sum of all other noise sources.

Table 1. Setup parameters

VIN = VOUT(Target) + 0.3 V IOUT = 0.5 A COUT = 10 µF

VOUT(Target) R1 R2 1 + R1/R2

3.3 V 31.25 kΩ 10 kΩ 4.125

1.8 V 12.5 kΩ 10 kΩ 2.25

1.2 V 5 kΩ 10 kΩ 1.5

0.8 V 0 Ω (short OUT 
node to FB node) Open circuit 1
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Figure 5. LDO topology with reference-noise filter
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If Equation 8 is fitted to a linear curve of the form y = 
ax + b as shown by the red dotted line in Figure 6, VN(REF) 
(the slope term) can be estimated as 19 µVRMS, and 
VN(Other) (the y-intercept term) as 10.5 µVRMS. As explained 

图 5 参考噪声滤波器 LDO 拓扑

图 6 RMS 噪声与输出电压的关系

就高性能 LDO 器件而言，常见的方法是添加一
个降噪 (NR) 引脚，以消除参考噪声。图5描述了

NR引脚如何降低噪声。由于VN（REF）为主要输出
噪声源，因此我们在参考电压模块（VREF）和误
差放大器之间插入一个RC滤波电容器CNR，旨在
减少这种噪声。RC 滤波器减少噪声的程度由一
个衰减函数决定：

其中

因此，放大参考噪声被降至(1 + R1/R2) × VN(REF) 
× GRC，则方程式5变为：

在现实世界中，所有控制信号电平均依赖于频
率，包括噪声信号在内。如果误差放大器带宽有
限，则高频参考噪声 (VN(REF)) 通过误差放大器滤
波，其方式与使用 RC 滤波器类似。但在实际情
况下，误差放大器往往具有非常宽的带宽，因此 
LDO 器件拥有非常好的电源纹波抑制 (PSRR) 性
能，其为高性能 LDO 的另一个关键性能参数。
为了满足这种矛盾的要求，IC 厂商选择使用宽带
宽误差放大器，以实现最佳低噪声 PSRR。如果
低噪声也为强制要求，则这样做会带来 NR 引脚
功能的使用。

其中，VN（Other）为所有其它噪声源的和。

如果方程式 8 拟合y=ax + b的线性曲线，如图 6 中红色
虚线所示，则 VN（REF）（斜率项）可估算为 19 µVRMS，而 
VN(Other)（y 截距项）为 10.5 µVRMS。正如在后面我们根据

表 1 设置参数

0Ώ(短路OUT 节点
至FB节点)

开路

典型电路中参考噪声的控制

放大参考噪声

TI TPS74401 LDO 用于测试和测量。表 1 列出了常见配
置参数。请注意，为了便于阅读，TPS74401 产品说明
书的软启动电容器 CSS 是指降噪电容器 CNR。

首先，使用一个可忽略不计的小 CNR，研究放大器增益
的影响。图 6 显示了 RMS 噪声与输出电压设置的对比
情况。如前所述，主要噪声源 VN（REF） 通过反馈电阻器 
R1 和 R2 的比放大。我们将方程式 7 修改为方程式 8 的
形式：
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later under “Effect of the noise-reduction (NR) 
pin,” the value of CNR was chosen as 1 pF to mini-
mize the RC-filter effect to a negligible level, and 
GRC is treated as being equal to 1. In this situation, 
the basic assumption is that VN(REF) is the domi-
nant noise source.

Note that the minimum noise occurs when the 
OUT node is shorted to the FB node, making the 
amplifier gain (1 + R1/R2) equal to 1 (R1 = 0) in 
Equation 8. Figure 6 shows this minimum-noise 
point to be approximately 30 µVRMS.

Canceling amplified reference noise
This section explains a very effective technique for 
achieving a configuration with minimum output 
noise. A feedforward capacitor, CFF, forwards 
(bypasses) output noise around R1 as illustrated 
in Figure 7. This bypass or shorting action prevents 
the reference noise from being increased by the 
gain of the error amplifier at frequencies higher 
than the resonant frequency, fResonant, of R1 and 
CFF, where

Reson
F

ant
F

1
2 R1

 
C

f .
π × ×

=

The output noise becomes

 

FF
N(OUT) N(Other )

RC N(REF).

1R1
2 f C

V V 1
R2

G V

 
 π × ×
 = + +
 

× ×
 (9)

Figure 8 shows the changes in RMS noise relative to feed-
forward capacitance (CFF) and different output-voltage 
settings. Note that each point along each RMS plot repre-
sents the statistical mean of the integrated noise across 
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Figure 7. LDO topology with feedforward capacitor 
(CFF) for minimizing noise
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the entire given bandwidth of interest for the circuit con-
ditions described. As expected, all curves converge toward 
the minimum output noise of approximately 30 µVRMS; in 
other words, the noise converges to VN(REF) + VN(Other) 
due to the effect of CFF.

Figure 8 illustrates that, for a CFF value greater than 
100 nF, the amplifier gain of 1 + R1/R2 in Equation 8 is 
canceled. This is true only because the low-frequency 
noise does not contribute significantly to the overall statis-
tical mean of the RMS calculation, even though that low-
frequency noise is not completely canceled by CFF. In 
order to see the actual effect of CFF, it is necessary to look 

图 8 前馈电容对噪声的影响

图 7 使用噪声最小化前馈电容
 (CFF) 的 LDO 拓扑

“降噪（NR）引脚效应”说明的那样，CNR 的
值为 1pF，目的是将 RC 滤波器效应最小化至可
忽略不计水平，而 GRC 被看作等于 1。在这种情
况下，基本假定 VN（REF） 为主要噪声源。

请注意，当OUT节点短路至 FB 节点时噪声最
小，其让方程式 8 的放大器增益（1 + R1/R2）
等于1（R1=0）。图 6 显示，该最小噪声点约
为 30 µVRMS。

抵销放大参考噪声

本小节介绍一种实现最小输出噪声配置的有效
方法。如图 7 所示，一个前馈电容器 CFF 向前
传送（绕开）R1 周围的输出噪声。这种绕开或
者短路做法，可防止在高于 R1 和 CFF 谐振频率 
fResonant 时参考噪声因误差放大器增益而增加，
其中：

输出噪声变为：

图 8 显示了RMS噪声相对于前馈电容 (CFF) 和不同输出
电压设置的变化。请注意，每个 RMS 图线上各点代表
上述电路状态下整个给定带宽的完整噪声统计平均数。

正如我们预计的那样，所有曲线朝 30 µVRMS 左右的最
小输出噪声汇集；换句话说，由于 CFF 效应，噪声汇聚
于 VN(REF) + VN(Other)。

图 8 对此进行了描述。CFF 值大于 100nF时，方程式 8 中
1 + R1/R2 的放大器增益被抵销掉。出现这种情况的原因
是，尽管低频噪声未被 CFF 完全抵销，但是低频噪声对 
RMS 计算的总统计平均数影响不大。为了观察 CFF 的实
际效果，我们必需查看噪声电压的实际频谱密度图（图

9）。图9表明，CFF=10µF 曲线的噪声最小，但是某些
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Figure 9 shows that the curve of CFF = 100 nF 
rolls off around 50 Hz. The curve for CFF = 1 nF 
rolls off around 5 kHz, but the resonant frequency 
for when CFF = 10 pF is obscured by the overall 
internal effects on the LDO noise. Given these 
obser vations of Figure 9, it is assumed for the  
rest of this discussion that CFF = 10 µF to mini-
mize noise.

Effect of the noise-reduction (NR) pin
GRC decreases when the RC filter capacitor (CNR) 
is used between the NR pin and ground. Figure 10 
shows RMS noise as a function of CNR (see Figure 
5). The difference between the two curves is 
examined later in the third paragraph under 
“Other technical considerations.”

A wider integration range of 10 Hz to 100 kHz is 
used in Figure 10 to capture the performance dif-
ference in the low-frequency region. With CNR = 
1 pF, both curves show very high RMS noise values. 
Although not shown in Figure 10, there is no RMS 
noise difference whether CNR = 1 pF or not. This 
is why GRC is treated as being equal to 1 in the 
earlier section, “Amplified reference noise.”

As expected, RMS noise gets lower as CNR 
increases, and converges toward the minimum 
output noise of approximately 12.5 µVRMS when 
CNR = 1 µF.

For a CFF of 10 µF, the amplifier gain (1 + R1/R2) 
can be ignored. Thus, Equation 8 can be simpli-
fied to

 N(OUT) N(Other) N(REF) RCV V  V  . G= + ×  (10)

As seen, VN(Other) is not affected by CNR. Therefore CNR 
remains 10.5 µVRMS as was determined by the data-curve 
fit in Figure 6. Equation 10 can be expressed as

N(OUT) N(REF) RCV V G 10.5 µV.= × +

Next, it is important to determine the effect of noise-
reduction capacitance on GRC. The minimum measured 

at the actual spectral-density plot of the noise 
voltage (Figure 9). Figure 9 shows that there is 
minimum noise at the curve of CFF = 10 µF but 
that all curves approach this minimum noise 
curve above certain frequencies. Those certain 
frequencies correspond to the resonant pole fre-
quencies determined by the R1 and CFF values. 
See Table 2 for the calculated CFF values with an 
R1 value of 31.6 kΩ.
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noise along the curve in Figure 10 allows Equation 10 to 
be rewritten as

N(OUT) N(REF) RCV 12.5 µV V G 10.5 µV,= = × +  (11)

where VN(REF) × GRC is solved to equal 2 µVRMS. Adding 
CNR decreases the reference noise from 19.5 µVRMS to 
2 µVRMS, which is to say that GRC has decreased from unity 
to an average of 0.1 (2/19.5) over the frequency range of 
10 Hz to 100 kHz.

Table 2. Calculated resonant frequencies

CFF = 10 pF CFF = 1 nF CFF = 100 nF CFF = 10 µF

fResonant 504 kHz 5.04 kHz 50.4 Hz 0.504 Hz

表 2 计算得谐振频率

图 9 表明，50 Hz 附近时，CFF=100 nF 曲线转
降。5 kHz 附近时，CFF=1 nF 曲线转降，但是 
CFF=10 pF 时谐振频率受 LDO 噪声总内部效应
影响。通过观察图 9，我们后面均假设 CFF=10µF 
最小噪声。

正如我们看到的那样，VN(Other) 并不受 CNR 影响。因此，

CNR 保持 10.5 µVRMS，其由图 6 所示数据曲线拟合度决
定。方程式 10 可以表示为：

接下来，我们要确定 GRC 降噪电容的影响，这一点很重
要。图 10 中曲线的最小测量噪声，让我们可以将方程
式10改写为：

其中，求解VN(REF) × GRC 得到 2 µVRMS。增加 CNR 会使参
考噪声从19.5 µVRMS降至 2 µVRMS，也就是说，在 10 Hz 
到 100 kHz 频率范围，GRC 从整数降至 0.1 (2/19.5) 平均
数。

降噪 (NR) 引脚的效果

在  NR 引脚和接地之间使用  RC 滤波器电容
（CNR）时，GRC 下降。图 10 表明 RMS 噪声为 
CNR 的函数（参见图 5）。稍后，我们将在第三
段“其它技术考虑因素”中说明这两条曲线的差
异。

图 10 利用 10 Hz 到 100 kHz 更宽融合范围，来
捕捉低频区域的性能差异。CNR=1pF 时，两条
曲线表现出非常高的RMS噪声值。尽管图 10 没
有显示，但不管是否 CNR=1pF，都没有 RMS 噪
声差异。这就是为什么在前面小节“放大参考噪
声”中，我们把GRC被看作等于 1 的原因。

正如我们预计的那样，随着 CNR 增加，RMS 噪
声下降，并在 CNR=1µF 时朝约12.5 µVRMS 的最小
输出噪声汇聚。

CFF= 10 µF 时，放大器增益（1 + R1/R2）可以
忽略不计。因此，方程式 8 可以简写为：

图 9 各种 CFF 值的输出频谱噪声密度

图 10 RMS 噪声与降噪电容的关系

频率以上时所有曲线均接近于这条最小噪声曲
线。这些频率相当于由 R1 和 CFF 值决定的谐
振极点频率。R1 等于 31.6 kΩ 时计算得到的 
CFF值，请参见表 2。
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Figure 11 shows how CNR reduces noise in the frequency 
domain. Just like the smaller CFF values in Figure 9, a 
smaller CNR starts working at a higher frequency. Note 
that the biggest CNR value, 1 µF, shows the lowest noise. 
Though the curve for CNR = 10 nF shows almost minimum 
noise close to the curve for CNR = 1 µF, the 10-nF curve 
shows a small hump between 30 and 100 Hz.

The curves in Figure 8, where CNR = 1 pF, can be 
improved to those in Figure 12, where CNR = 1 µF. Figure 8 
shows little difference in RMS noise between CFF = 100 nF 
and CFF = 10 µF, but Figure 12 clearly shows a difference.

In Figure 12, regardless of the output voltage, values  
of CFF = 10 µF and CNR = 1 µF bring the lowest noise, 
12.5 µVRMS, which is to say that the minimum GRC value 
(in other words, the maximum effect of the RC filter) is 
0.1. This value of 12.5 µVRMS is the noise floor of the TI 
device TPS74401.

When a new LDO device is used for noise-sensitive 
appli cations, it is good practice to figure out a noise floor 
unique to the device by using large CFF and CNR capacitors. 
Figure 12 indicates that an RMS-noise curve converges at 
the noise-floor value.
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Figure 11. Output spectral noise density versus frequency 
for various CNR values
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图 11 显示了 CNR 如何降低频域中的噪声。与图 9 所示
小 CFF 值一样，更小的 CNR 开始在高频起作用。请注
意，CNR 最大值 1µF 表明最低噪声。尽管 CNR = 10 Nf 
曲线表明最小噪声几乎接近于 CNR = 1 µF 的曲线，10-Nf 
曲线显示30Hz 和100Hz 之间有一小块突出部分。

图8所示曲线（CNR = 1 pF），可改进为图 12（CNR = 1 
µF）。图 8 显示 CFF = 100 Nf 和 CFF = 10 µF 之间几乎
没有 RMS 噪声差异，但是图 12 清楚地显示出了差异。

图 11 不同 CNR 值时输出频谱噪声密度与频率的关系

图 12 噪声优化以后 RMS 噪声与前馈电容的关系

图 12 中，不管输出电压是多少，CFF = 10 µF 和 CNR = 1 
µF 均带来最低噪声值12.5 µVRMS，也即最小 GRC 值（换
句话说，RC滤波器的最大效果）为 0.1。12.5 µVRMS 值
为 TI 器件 TPS74401 的底限噪声。

当我们把一个新LDO器件用于噪声敏感型应用时，利用
大容量CFF和CNR电容确定这种器件的独有本底噪声是一
种好方法。图12表明RMS噪声曲线汇聚于本底噪声值。
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Other technical considerations
Slow-start effect of noise-reduction capacitor
Besides its ability to reduce noise, an RC filter is also known 
to work as an RC delay circuit. There fore, a big CNR value 
causes a big delay of the regulator’s reference voltage.

Slow-start effect of feedforward capacitor
The same mechanism whereby CFF bypasses the AC signal 
across the R1 feedback resistor also bypasses the output-
voltage feedback information when VOUT is ramping up 
after an enable event. Until CFF is fully charged, an error 
amplifier takes a bigger negative feedback signal, resulting 
in a slow start.

Why a higher VOUT value results in less RMS noise
In Figures 8 and 10, the curve for VOUT = 3.3 V shows less 
noise than that for VOUT = 0.8 V. Since it is known that a 
higher voltage setting can increase the reference noise, 
this looks odd. The explanation is that, because CFF is 
connected to the OUT node, CFF has the effect of increas-
ing the output-capacitor value in addition to bypassing the 
noise signal across resistor R1. Figure 12 shows that, as 
the reference noise gets minimized, this phenomenon 
can’t be observed.

RMS-noise value
Because the noise floor of the TPS74401 is 12.5 µVRMS, 
this device is one of the lowest-noise LDOs on the market. 
This absolute value of 12.5 µVRMS can be a good reference 
to use in designing a regulator with very low noise.

Conclusion
The basic noise of an LDO device and how to minimize it 
have been examined, including:

• How each circuit block contributes to output noise

• How the reference voltage is the dominant source of 
noise, amplified by an error amplifier

• How to cancel the amplified reference noise

• How an NR function works

Careful selection of a noise-reduction capacitor (CNR) 
and a feedforward capacitor (CFF) can minimize LDO out-
put noise to a noise-floor level unique to the device. With 
this noise-minimized configuration, an LDO device keeps 
the noise-floor value regardless of the parameters that 
usually affect noise in non-optimized configurations.

Due to the expected side effect of a slow start when CNR 
and CFF are added to the circuit, values for these capacitors 
must be chosen that will provide a fast enough ramp-up.

The method described in this article is already being used 
to optimize the noise of TI’s TPS7A8101 LDO. On page 10 
of the TPS7A8101 datasheet,2 the device shows a constant 
noise value no matter what parameter is changed.
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其他技术考虑因素

降噪电容器的慢启动效应

除降噪以外，RC滤波器还会起到一个RC延迟电路的作
用。因此，较大的CNR值会引起稳压器参考电压的较大
延迟。

前馈电容器的慢启动效应

CFF利用一种机制绕过R1反馈电阻AC信号，而凭借这种
机制，其在激活事件发生后VOUT不断上升时，也绕过输
出电压反馈信息。直到CFF完全充电，误差放大器才利用
更大的负反馈信号，从而导致慢启动。

为什么高VOUT值会导致更小的RMS噪声

在图8和图10中，相比VOUT=0.8V的情况，VOUT=3.3V曲线
的噪声更小。我们知道，更高的电压设置会增加参考噪
声，因此这看起来很奇怪。对于这种现象的解释是，由
于CFF连接至OUT节点，因此除绕过电阻器R1的噪声信
号以外，CFF还有增加输出电容值的效果。图12表明，由
于参考噪声被最小化，我们便可以观测到这种现象。

RMS噪声值

由于TPS74401的本底噪声为12.5 µVRMS，它是市场上噪
声最低的LDO之一。在设计一个超低噪声稳压器过程
中，12.5 µVRMS绝对值是一个较好的参考值。

结论

本文深入探讨了LDO器件的基本噪声以及如何将其降至
最小，具体包括：

 每种电路模块对输出噪声的影响程度

 参考电压如何成为主要的噪声源（经误差放大器放
大）

 如何抵销经过放大的参考噪声

 NR功能的工作原理

谨慎选择降噪电容器 (CNR) 和前馈电容器 (CFF)，可以将 
LDO 输出噪声最小化至器件独有的本底噪声水平。利用
这种噪声最小化配置，LDO 器件便可保持本底噪声值，
让其同非优化配置中常常影响噪声水平的一些参数无关。

给电路添加 CNR 和 CFF 时存在慢启动副作用，因此我们
必须认真选择这些电容器，以实现快速升压。

本文所述方法已经用于优化 TI 的 TPS7A8101 LDO 的噪
声。在 TPS7A8101 产品说明书第 10 页，不管参数如何变
化，器件都拥有恒定的噪声值。
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