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Stabilizing difference amplifiers for 
headphone applications

Introduction
The recent increase in popularity of high-fidelity 
headphones and lossless audio formats has caused 
many manufacturers of personal electronics to add 
high-quality audio outputs to their devices. As a 
result, 24-bit/192-kHz audio digital-to-analog 
converters (DACs), once reserved for home high-
fidelity systems, are now being incorporated into 
mobile devices such as cell phones, tablets, and 
portable music players. These DACs deliver 
extremely low-distortion signals, but are unable to 
drive headphones directly. To take full advantage of 
these high-performance parts, a well-designed head-
phone amplifier must also be added to the system.

Traditional headphone amplifier circuit
The DAC output is often a differential signal which 
must be converted to a single-ended signal by the 
headphone amplifier circuit. In Figure 1, a tradi-
tional difference amplifier consists of an operational 
amplifier (op amp) and four 
matched resistors that ampli-
fies the difference between the 
complementary DAC outputs. 
The amplifier also rejects signals 
common to both outputs, such 
as even-order distortion. The 
amplifier should not add 
unwanted noise or distortion to 
the signal, or change the 
 system’s overall frequency 
response. Perhaps, most 
importantly, the amplifier must 
be stable when headphones are 
connected to the output. As 
fundamental as this last point 
is, it is often overlooked in 
headphone amplifier design.

Headphone impedance 
characteristics
Headphones are not a simple 
resistive load, although their 
nominal impedance specifica-
tions (typically between 16 and 600 W) would seem to 
imply otherwise. Figure 2 shows the measured impedance 
of a 64-W (nominal) headphone from 10 Hz to 10 MHz 
(1 channel shown). The red curve gives the impedance 
magnitude and the blue curve is the phase angle. 

Two resonant peaks are clearly evident in the imped-
ance plot. The low-frequency resonance at 100 Hz is 
produced by the mechanical and electrical properties of 
the drivers in the headphones. The high-frequency reso-
nance is created from the interaction of the cable 
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Figure 1. A traditional difference amplifier converts 
differential output to a single-ended signal
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Figure 2. Measured impedance of 64-W headphones
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实现面向头戴式耳机应用的差动放大器的稳定
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引言

近期，高保真度头戴式耳机和无损型音频格式的

日趋流行导致许多个人电子产品制造商在其设备

上添加高品质音频输出。因此，曾经为家用高保

真度系统预留的 24 位 / 192 kHz 音频数模转换

器 (DAC) 如今逐渐地被蜂窝电话、平板电脑和便

携式音乐播放器等移动设备所采用。这些 DAC 
可提供极低失真的信号，但不能直接驱动头戴式

耳机。为了充分地利用此类高性能器件，还必需

给系统增添设计完善的头戴式耳机放大器。

传统的头戴式耳机放大器电路

DAC 输出常常是一个差分信号，必须利用头戴

式耳机放大器电路将其转换为一个单端信号。如

图 1 所示，传统的差动放大器由一个运放放大

器（运放）和四个匹配电阻器组成，其负责放大

互补 DAC 输出之间的电压差。另外，该放大器

还用于抑制两个输出共有的信

号，比如偶次失真。放大器不

得给信号增加有害的噪声或失

真，或改变系统的整体频率响

应。也许最重要的一点是，放

大器必须在头戴式耳机连接至

输出时保持稳定。尽管这最后

一点是根本性的，但在头戴式

耳机放大器的设计中却常常被

忽视。

头戴式耳机阻抗特征

头戴式耳机并非一个简单的电

阻性负载，但恰恰相反，其标

称阻抗规范（通常介于  16Ω 
和  600Ω  之间）似乎给人这

样的暗示。图  2  示出了一个 
6 4Ω（标称值）头戴式耳机

在 10 Hz 至 10 MHz 频率范围

内的实测阻抗（示出了一个通

道）。红色曲线给出了阻抗模

值，而蓝色曲线则为相位角。

两个谐振尖峰在阻抗曲线图是显而易见的。100 Hz 处的

低频谐振是由头戴式耳机中的驱动器的机械特性和电特

性产生的。高频谐振则是由电缆电容与电缆和驱动器音

圈的电感的相互作用所产生。（接下页）

图 1：传统的差动放大器负责将差分输出
转换为一个单端信号

图 2：64Ω 头戴式耳机的实测阻抗
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capacitance with the inductance of the 
cable and driver voice coil. From a stability 
perspective, the high-frequency resonance 
has the potential to cause the most prob-
lems. Above this resonant point, the head-
phone is a capacitive load, as is evident 
from negative phase angle. Capacitive 
loads introduce a pole into the open-loop 
gain curve of an amplifier, degrading the 
phase margin and potentially causing 
oscillation. 

The most common solution to this issue 
is to add a resistor (RISO in Figure 1) in 
series with the amplifier output to isolate 
the load capacitance from the feedback 
loop and preserve the phase margin. While 
this solution is effective at maintaining 
stability, it also degrades the system’s 
audio performance for several reasons. 
First, the output voltage of the amplifier 
circuit is no longer load-independent. 
Consider that the amplifier’s output imped-
ance forms a voltage divider with the load 
impedance. Because the load is not resis-
tive, as illustrated in Figure 2, the voltage 
at the headphones varies over frequency. 

Second, the current drawn by head-
phone drivers is not perfectly linear. This 
is partly because the impedance of the 
driver changes as a function of where the 
cone and voice coil assembly is in its range 
of motion. As the cone progresses through 
its range of motion, the impedance curve 
may change dramatically, thus distorting 
the current drawn by the driver. If the 
amplifier has a non-zero output imped-
ance, this distorted current will also distort 
the voltage signal at the amplifier output, 
potentially degrading audio quality[1]. A 
low-output impedance is crucial for 
 achieving high performance in headphone amplifier 
circuits.

Enhanced headphone amplifier circuit
There are some amplifier circuits that solve the problem of 
driving large capacitive loads while maintaining low output 
impedance by enclosing the isolation resistor inside the 
amplifier feedback loop and using a dual feedback topol-
ogy[2]. However, in the difference amplifier circuit, enclos-
ing the isolation resistor in the feedback loop degrades the 
circuit’s common-mode rejection ratio (CMRR), which is 
crucial for eliminating distortion from the DAC output 
signal. 

A solution to this problem is shown in Figure 3a.  
Figure 3b shows response curves for the open-loop gain 
(AOL) and the inverse feedback factor (1/β). In this topol-
ogy, resistor RX and capacitor CX introduce a pole-zero 

pair in the 1/β curve. By increasing the magnitude of 1/β 
at the frequency where it intersects the open-loop gain 
curve (fI), the system can achieve reasonable phase 
margin without increasing the output impedance at audio 
frequencies or degrading the CMRR. Furthermore, adding 
RX and CX to the circuit does not affect the circuit’s 
closed-loop transfer function.

For the circuit in Figure 3a to be stable, the intersection 
frequency (fI) must be less than the frequency of the 
second pole in the AOL curve (fP(AOL)), but greater than 
the pole in the 1/β curve (fP):

 
f f fP AOL I P( ) > >

 
(1)

On the other hand, to provide the best audio perfor-
mance possible, fZ and fP should be as far above the audio 
bandwidth as possible. Above the zero-frequency, the 
noise and distortion of the circuit will be increased by the 

Figure 3. Amplifier solution for large capacitive loads
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图 3：针对大容性负载的放大器解决方案

(a) 采用 RX/CX 网络的放大器电路

(b) 开环增益和负反馈系数

会增加音频频率下的输出阻抗或损害 CMRR 性能。此外，

给电路增设 RX 和 CX 并不会影响电路的闭环转移函数。

为了使图 3a 中的电路保持稳定，交点频率 (fI) 必须小于 
AOL 曲线中第二个极点的频率 (fP(AOL))，但大于 1/β 曲线

中的极点频率 (fP)：

        fP(AOL) > fI > fP                                             (1)

另一方面，为了提供尽可能好的音频性能，fZ和 fP 高于音

频带宽的幅度必须尽可能地大。以零点频率以上，电路的

噪声和失真将由于环路增益的下降而增加。（接下页）

（续上页）从稳定性的角度来看，高频谐

振有可能引起许多问题。在此谐振点以

上，头戴式耳机是一个电容性负载，这一

点从负的相位角可以清楚地看出来。电容

性负载会把一个极点引入到放大器的开环

增益曲线中，从而减小相位裕量并有可能

引发振荡。

针对此问题最常用的解决方案是增设一个

与放大器输出串联的电阻器（图 1 中的 
RISO），以把负载电容与反馈环路隔离开

来并保留相位裕量。虽然这种解决方案在

维持稳定性方面很有效果，但是也由于几

种原因而降低了系统的音频性能。首先，

放大器电路的输出电压不再独立于负载。

应考虑到，放大器的输出阻抗与负载阻抗

形成了一个分压器。如图 2 所示，由于负

载不是电阻性的，因此头戴式耳机放大器

上的电压随频率而变化。

其次，头戴式耳机驱动器吸收的电流并非

完全线性。部分原因是驱动器阻抗会发生

变化，这种变化与纸盆和音圈组件在其活

动范围中所处的位置之间具有某种函数关

系。当纸盆在其活动范围内行进时，阻抗

曲线有可能发生巨大的变化，因而使驱动

器吸收的电流产生失真。如果放大器的输

出阻抗不是零，那么这个失真的电流还将

使放大器输出端上的电压信号失真，从而

有可能降低音频质量 [1]。在头戴式耳机放

大器电路中，低输出阻抗对于实现高性能

是至关紧要的。

增强型头戴式耳机放大器电路

有一些放大器电路解决了在驱动大容性负载的同时保持

低输出阻抗的问题，采取的方法是封闭放大器反馈环路

内部的隔离电阻器并使用一种双重反馈拓扑[2]。然而，在

差动放大器电路中，封闭反馈环路中的隔离电阻器会损

害电路的共模抑制比 (CMRR)，而该性能对于消除来自 
DAC 输出信号的失真是极为关键的。

图 3a 示出了针对该问题的一种解决方案。图 3b 给出了

开环增益 (AOL) 和负反馈系数 (1/β) 的响应曲线。在该拓

扑中，电阻器 RX 和电容器 CX 在 1/β 曲线中引入了一个

极点-零点对。通过增加 1/β 在其与开环增益曲线相交之

频率 (fI) 上的幅值，系统能够实现合理的相位裕量，且不
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reduction in loop gain. As is often the case, the require-
ments for stability and high performance need to be 
balanced in the design process. 

To illustrate the design of this circuit, an OPA1612 was 
configured to drive the headphones used for Figure 2. 
Figure 4 shows the TINA-TI™ simulation schematic for 
the design process. For simplicity, the four resistors of the 
difference amplifier are matched (R1, R2, R3, R4 = R). 

Inductor LT is used to break the amplifier’s feedback 
loop. The circuit’s loop gain is measured by the voltage 
probe labeled AOLB. The feedback factor, β, is measured 
directly at the op amp inputs by differential voltage probe 
B. A differential voltage probe must be used because this 
technique incorporates both positive and negative feed-
back. The net feedback factor is the difference of the indi-
vidual negative and positive feedback factors[2]. The 
post-processor in TINA-TI can be used to generate addi-
tional curves from these voltage probes. For example, the 
open-loop gain curve is generated by dividing the loop 
gain by the feedback factor. The 1/β curve is produced by 
taking the inverse of the B probe. 

A 400-pF capacitor (CL) connected to the output repre-
sents the high-frequency impedance of the headphones. 
This value is determined by taking the impedance of the 
headphones (Figure 2) where the phase is most negative, 
which is a good representation of a worst-case capacitive 
loading from headphones. In simulation, a second pole in 
the AOL curve caused by this load capacitance can occur 
at 5.7 MHz where the AOL magnitude is approximately 
25 dB. In order to satisfy the criteria in Equation 1, the 
mag nitude of the inverse feedback factor at high frequencies  

Figure 4. TINA-TI™ simulation schematic used 
to determine loop stability

(|1/βHF|) must be greater than 25 dB. This is calculated 
using the equation:
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Using 1 kW as the value of all difference-amplifier resistors 
allows the value of RX to be calculated:
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A value of 118 W for RX ensures sufficient noise gain for 
stable operation. Next, CX was selected so that the pole 
frequency is well below 5.7 MHz. A conservative design 
rule is to place the pole frequency at one-tenth the inter-
section frequency, as long as the resulting zero is not near 
the audio bandwidth. In this example, placing the pole 
frequency at 570 kHz would position the zero near 57 kHz, 
a bit too low for high-performance audio systems. As a 
compromise, the pole was placed at one-fifth the intersec-
tion frequency:
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（续上页）在设计过程中必需对稳定性和高性能要求进

行权衡，这是常有的事情。

为了说明这款电路的设计，通过配置由一个 OPA1612 来
驱动用于图 2 的头戴式耳机。图 4 示出了针对该设计过

程的 TINA-TI™ 仿真电路原理图。为简单起见，差动放大

器的四个电阻器是匹配的（R1、R2、R3、R4 = R）。

电感器 LT 用于断开放大器的反馈环路。电路的环路增

益由标记为“AOLB”的电压探针来测量。反馈系数 β 
由差分电压探针 B 直接在运放的输入端上测量。必须使

用一个差分电压探针，因为此方法运用了正反馈和负反

馈。净反馈系数是个别负反馈系数与正反馈系数之差[2]。

TINA-TI 中的后置处理器可用于从这些电压探针生成其他

的曲线。例如，开环增益曲线就是用环路增益除以反馈

系数生成的。1/β 曲线是通过取 β 探针的倒数产生的。

一个连接至输出的 400 pF 电容器 (CL) 代表头戴式耳机

的高频阻抗。该数值是通过取相位最负时的头戴式耳机

阻抗来确定的（图 2），它很好地代表了来自头戴式耳机

的最坏情况电容性负载。在仿真中，由该负载电容引起的 
AOL 曲线中的第二个极点会出现在 5.7 MHz（此时 AOL 的

大小约为 25 dB）。为了满足 (1) 式中的标准，高频条件

下的负反馈系数大小 (|1/βHF|) 必须大于 25 dB。这是采

用下式来计算的：

当所有差动放大器电阻均采用 1 kΩ 阻值时，可计算 RX 

的阻值：

118Ω 的 RX 阻值可确保实现稳定操作的充足噪声增益。

接着，选择合适的 CX 以使极点频率远远低于 5.7 MHz。
保守的设计规则是把极点置于交点频率的 1/10，只要最

终产生的零点不靠近音频带宽即可。在该例中，把极点

频率置于 570 kHz 将把零点定位在 57 kHz 附近，这对于

高性能音频系统来说有点太低了。作为一种折衷方案，

可将极点置于交点频率的 1/5 处：

图 4：用于确定环路稳定性的 TINA-TI™ 仿真
电路原理图
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A value of 1.2 nF is very close to the calculated value for 
CX. The resulting zero frequency is:

 
f

C R R
kHzZ

X X
=

+( ) =    
1

2
118 6

π
.

 

(5)

The 118.6-kHz zero frequency is sufficiently above the audio 
bandwidth to avoid degrading the circuit’s performance. 

An AC transfer characteristic simulation was performed 
and the results are shown in Figure 5. The open-loop gain 
and 1/β curves are shown in the magnitude plot (top). The 
1/β curve intersects the AOL curve at 5.4 MHz. At this 
point the phase of the loop gain (AOLB, bottom) shows 
47.35° of phase margin. Removing the RX and CX network 

would cause the 1/β curve to intersect the AOL curve 
below the second pole created by the capacitive loading. 
In this case, the phase at the intersection point becomes 
–52.37°, which indicates an unstable system. 

A difference amplifier circuit employing the previously 
calculated values of RX and CX was built and its measured 
performance was compared to a traditional difference 
amplifier using an isolation resistor of 47.5 W. The same 
64-W headphones (Figure 2) were used as the load for 
these tests. It is extremely important to test headphone 
amplifier circuits with actual headphones because simply 
using a resistor will not reveal the detrimental effects of 
the output impedance. 

Figure 5. Loop stability plots generated with TINA-TI™ model
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1.2 nF 的数值非常接近 CX 的计算值。最终产生的零点频

率为：

118.6 kHz 的零点频率高于音频带宽的幅度足够大，因而

可避免损害电路的性能。

实施了一项 AC 传输特性仿真，仿真结果示于图 5。开环

增益和 1/β 曲线示于幅值曲线图（上部）。1/β 曲线在 
5.4 MHz 处与 AOL 曲线相交。在该点上，环路增益的相

位（AOLB，下部）显示 47.35° 的相位裕量。去除 RX 和 

CX 网络将造成 1/β 曲线在低于电容性负载所产生的第二

个极点的频率上与 AOL 曲线相交。在该场合中，相交点

处的相位变成 －52.37°，这表示系统是不稳定的。

构建了一个采用先前计算的 RX 和 CX 值的差动放大器电

路，并将其实测性能与采用一个 47.5Ω 隔离电阻器的传

统差动放大器进行了比较。这些测试采用相同的 64Ω 头
戴式耳机（图 2）作为负载。采用真实的头戴式耳机来测

试头戴式耳机放大器电路是极其重要的，因为简单地使

用一个电阻器将无法揭示输出阻抗的不利影响。

图 5：采用 TINA-TI™ 模型生成的环路稳定性曲线图
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The closed-loop gain of the two circuits 
is shown in Figure 6. As mentioned previ-
ously, the series resistor used for stability 
forms a voltage divider with the headphone 
impedance. The result is that the gain of 
the traditional amplifier circuit varies by 
4.13 dB over the measured bandwidth. 
Conversely, the circuit employing the RX/
CX network has extremely low output 
impedance, and its gain is essentially inde-
pendent of the load impedance. The gain 
variation of the RX/CX circuit is 0.03 dB 
over the measurement bandwidth.

The effects of the series output resistor 
are also evident in the measured total 
harmonic distortion (THD) when driving 
the 64-W headphones. Figure 7 shows plots 
for the measured THD versus frequency for 
the two solutions with a 300-mVrms output 
level. Adding a series resistor drastically 
reduces the THD performance due to the 
non-linear current draw of the headphones. 
At low frequencies, where the cone excur-
sion of the headphone drivers is highest, 
the THD is over 55 dB worse for the tradi-
tional amplifier that employed a series 
output resistor.

Conclusion
Stabilizing headphone amplifiers is a 
unique challenge because of the difference 
amplifier circuit topology and the require-
ments for low output impedance, low 
distortion, low noise, and high CMRR. The 
enhanced amplifier solution presented 
allows for stable operation into capacitive 
loads without increasing the output imped-
ance at low frequencies or degrading the 
common-mode rejection. Using this tech-
nique, headphone amplifier circuits can be 
designed that are stable for typical head-
phone loads and provide exceptional audio 
performance. 
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Figure 6. Measured closed-loop gain of the two amplifiers
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Figure 7. Measured THD of the two solutions
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图  6  示出了两种电路的闭环增益。如前

文提到的那样，用于实现稳定性的串联电

阻器与头戴式耳机的阻抗形成了一个分压

器。结果是：传统放大器电路的增益在

整个测量带宽内变化了 4.13 dB。与此相

反，采用 RX / CX 网络的电路则具有极低的

输出阻抗，而且其增益基本上与负载阻抗

无关。RX / CX 电路在整个测量范围内的增

益变化为 0.03 dB。

当驱动 64Ω 头戴式耳机时，串联输出电

阻器的影响在实测的总谐波失真 (THD) 中
也是很明显的。图 7 示出了两种解决方案

的“实测 THD 与频率的关系”曲线图（在

输出电平为 300 mVRMS 时）。由于从头戴

式耳机吸收的非线性电流的缘故，增设一

个串联电阻器将极大地降低 THD 性能。在

低频条件下（此时头戴式耳机驱动器的纸

盆偏移最高），采用串联输出电阻器的传

统放大器的 THD 性能指标下降的幅度超过 
55 dB。

结论

由于差动放大器电路拓扑以及要求低输出

阻抗、低失真、低噪声和高 CMRR 的原

因，实现头戴式耳机放大器的稳定是一项

独特的挑战。本文提出的增强型放大器解

决方案可在驱动电容性负载的情况下实现

稳定的操作，并且不会增加低频条件下的

输出阻抗或降低共模抑制性能。通过运用

这种方法，可设计出能在驱动典型头戴式

耳机负载时保持稳定，同时提供出色音频

性能的头戴式耳机放大器电路。

参考文献 
1、作者：John Siau，《低阻抗头戴式耳

机放大器的声音优势》，2011 年。

2、作者：J. Graeme，《优化运算放大器

性能》，纽约麦格劳希尔出版公司，

1997 年。印刷版。
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