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高速放大器测试需要足够多的

数学知识来正确使用巴伦
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共享

摘要

在大多数实验室环境中，信号发生器、频谱分析仪等设备是单端仪

器，用于测量高速差分放大器驱动器和转换器的失真。因此，测量

放大器驱动器的偶数阶失真（例如二次谐波失真HD2，甚至阶偶数

阶交调失真或IMD2）需要额外的器件，如巴伦和衰减器等，作为整

体测试设置的一部分，以将单端测试仪器连接到放大器驱动器的

差分输入和输出。本文通过不匹配信号的数学知识揭示了相位不

平衡的重要性，并说明了相位不平衡如何导致偶数阶产物的增加

（即变得更糟糕！）。本文还将展示了几种不同高性能巴伦和衰减器

的权衡如何影响被测放大器的性能指标（即HD2和IMD2）。

数学背景 = 耶！

测试具有差分输入的高速器件（如模数转换器、放大器、混频器、

巴伦等）时，幅度和相位不平衡是需要理解的重要指标。

当模拟信号链设计使用500 MHz及以上的频率时，必须非常小心，

因为所有器件（无论有源还是无源）在频率范围内都有某种固有

不平衡。500 MHz并不是一个奇妙的频率点，只是基于经验，这是

大多数器件开始偏离相位平衡的地方。根据器件不同，此频率可

能比这低得多或高得多。

我们来仔细看看下面的简单数学模型：

y(t)

h(t)

h(t)

x1(t)

+
x2(t)

图1. 具有两个信号输入的数学模型

考虑ADC、放大器、巴伦等或任何将信号从单端转换为差分（或反

之）的器件的输入x(t)。信号对x1(t) 和 x2(t) 是正弦信号，因此差分输

入信号具有如下形式：

 
x1(t) = k1sin(wt)
x2(t) = k2sin(wt-180° + p) = – k2sin(wt + p)  

 (1)

如果不是这样，就因为这些器件的不平衡，A DC的偶数阶失真测

试结果在工作频率范围内可能会发生显著变化。

ADC或任何有源器件可以简单地建模为对称三阶传递函数：

 h(x(t)) = a0 + a1x(t) + a2x2(t) + a3x3(t) (2)

那么：

 
y(t) = h(x1(t)) – h(x2(t))
y(t) = a1[x1(t) – x2(t)] + a2[x12(t) – x22(t)] + 

3[x13(t) – x23(t)]
 (3)

理想情况下没有不平衡，上述简单系统的传递函数可以建模如下：

x1(t) 和 x2(t) 完全平衡时，这些信号具有相同幅度 (k1=k2=k)，并且恰

好180°相差 (  = 0°)。

 
x1(t) = (k)sin(wt)
x2(t) = (–k)sin(wt) (4)

 y(t) = (2a1k)sin(wt) + (2a3k3)sin3(wt) (5)

对幂运用三角恒等式并收集频率等信息，我们得到：

 y(t) = 2 a1k +            sin(wt) –           sin(3wt)4
3a3k3

2
a3k3

 
 (6)

这是差分电路的常见结果：理想信号的偶次谐波抵消，而奇次谐

波没有抵消。

现在假设两个输入信号的幅度不平衡，但没有相位不平衡。这种

情况下，k1≠k2，  = 0。

 
x1(t) = (k1)sin(wt)
x2(t) = (–k2)sin(wt) (7)

把公式7代入公式3，并再次运用幂的三角恒等式。

 y(t) =       × (k12 – k22) + (a1(k1 + k2) +        × 
    
    (k13 + k23))sin(wt) –          × (k12 – k22)cos(2wt) – 
                    × (k13 + k23)sin(3wt)

2

2

a2

a2

4
a3

4
3a3

     

 (8)
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我们看到公式8中，二次谐波与幅度k1和k2的平方之差成正比，简单

来说即：

 second harmonic α k12 22 (9)

现在，假设两个输入信号之间相位不平衡，没有幅度不平衡。那么，

k1=k2，  ≠ 0。

 
x1(t) = (k1)sin(wt)
x2(t) = (–k1)sin(wt + p) (10)

把公式10代入公式3并简化——试试看，您能行的！

 

y(t) =  a1k1 +
 3a3k13  

× 
 

    4 (sinwt + sinwt ×
    

     

     a3k13  × (sin3wt + sin3wt × cos3p + 

cos3wt × sin3p)
4

(cos2wt – cos2wt × cos2p + sin2wt × sin2p) 

     a2k12  × 
2cosp + coswt × sinp) –

 

 (11)

从公式11可知，二次谐波幅值与幅度k的平方成正比。

 second harmonic α k12 (12)

如果回过头比较公式9和公式12，并且假设三角恒等式运用正确，

那么可以得出如下结论：二次谐波受相位不平衡影响比受幅度不

平衡影响更严重。原因如下：对于相位不平衡，二次谐波与k1的平

方成正比；再看公式12，对于幅度不平衡，二次谐波与k1和k2的平

方差成正比，或看公式9。由于k1和k2大致相等，因此这种差异通常

很小，特别是如果将其与平方数进行比较！

测试高速放大器

既然我们清除了障碍，接下来看一个使用案例，如图2所示。这是

一幅框图，显示了差分放大器实验中常用的HD2失真测试设置。

乍一看相当简单，但魔鬼隐藏在细节中。图3显示了一组HD2测试结

果，其系使用本框图中的所有器件、差分放大器、巴伦、衰减器等

得到的。这些测试证明：仅仅用不同方式翻转巴伦方向所导致的

细微相位不匹配，便能在HD2扫频中产生不同结果。此设置中有两

个巴伦，因此通过颠倒设置一侧或两侧的连接可以创建四种可能

的场景。结果如图3所示。
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图3. 使用供应商1A巴伦和不同巴伦方向测试HD2性能

图3揭示的HD2失真曲线方差量证明，需要进一步考察巴伦的性能，

特别是相位和幅度不平衡。以下两幅图显示了不同制造商的几款

巴伦的相位和幅度不平衡。使用网络分析仪来测量不平衡。
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图2. 高速放大器HD2测试设置
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图4和图5中的红色曲线对应于图3中用于采集H D2失真数据的实

际巴伦。供应商1A的这款巴伦具有最高带宽和良好的通带平坦度，

但在同样的10 GHz频率测试带上，相位不平衡比其他巴伦要差。
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The red traces in Figures 4 and Figure 5 correspond to the actual balun 
used to acquire HD2 distortion data in Figure 3. This particular balun, 
from Vendor 1A, had one of the highest bandwidths and good pass-band 
flatness, but worse phase imbalance as compared to the other baluns over 
the same 10 GHz frequency test band.
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Figure 4. Phase imbalance of various baluns.
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Figure 5. Magnitude imbalance of various baluns.

The next two figures represent a retest of HD2 distortion using the best  
balun that had the lowest phase imbalance found in Figure 6 and Figure 7, 
from Vendor 1B and Vendor 2B, respectively. Notice that with better imbal-
ance performance, HD2 distortion variance is reduced accordingly,  
as seen in Figure 7.
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Figure 6. Retesting HD2 performance with Vendor 1B balun using  
different balun orientations.
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Figure 7. Retesting HD2 performance with Vendor 2B balun using  
different balun orientations.

To further illustrate how phase imbalances directly affects the performance 
of even order distortion, Figure 8 shows HD3 distortion over the same con-
ditions as the previous HD2 figure. Notice how all four traces are roughly 
the same, as expected. Therefore, as proven in the mathematical derivation 
example shown previously, HD3 distortion is not as sensitive to imbalances 
in the signal chain.
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Figure 8. Testing HD3 performance with Vendor 2B balun using dif-
ferent balun orientations.

Until this point it should be assumed that the input and output connected 
attenuator pads, as shown connected in Figure 2, are stationary and did 
not change during the balun orientation measurements. The next figure 
represents the same traces shown in Figure 7, testing only Vendor 2B’s 
balun performance as the attenuators are swapped between the inputs  
and outputs. This generates another set of four traces, shown as dashed 
lines in Figure 9. The result is that we are back where we started, as this 
shows up as more variation in the test measurement. This further under-
scores that small amounts of mismatch in either side of a differential 
signal pair matters at high frequencies. Keep in mind to document your 
test conditions in detail.

图4. 各种巴伦的相位不平衡
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The red traces in Figures 4 and Figure 5 correspond to the actual balun 
used to acquire HD2 distortion data in Figure 3. This particular balun, 
from Vendor 1A, had one of the highest bandwidths and good pass-band 
flatness, but worse phase imbalance as compared to the other baluns over 
the same 10 GHz frequency test band.
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Figure 4. Phase imbalance of various baluns.
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Figure 5. Magnitude imbalance of various baluns.

The next two figures represent a retest of HD2 distortion using the best  
balun that had the lowest phase imbalance found in Figure 6 and Figure 7, 
from Vendor 1B and Vendor 2B, respectively. Notice that with better imbal-
ance performance, HD2 distortion variance is reduced accordingly,  
as seen in Figure 7.
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Figure 6. Retesting HD2 performance with Vendor 1B balun using  
different balun orientations.
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Figure 7. Retesting HD2 performance with Vendor 2B balun using  
different balun orientations.

To further illustrate how phase imbalances directly affects the performance 
of even order distortion, Figure 8 shows HD3 distortion over the same con-
ditions as the previous HD2 figure. Notice how all four traces are roughly 
the same, as expected. Therefore, as proven in the mathematical derivation 
example shown previously, HD3 distortion is not as sensitive to imbalances 
in the signal chain.
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Figure 8. Testing HD3 performance with Vendor 2B balun using dif-
ferent balun orientations.

Until this point it should be assumed that the input and output connected 
attenuator pads, as shown connected in Figure 2, are stationary and did 
not change during the balun orientation measurements. The next figure 
represents the same traces shown in Figure 7, testing only Vendor 2B’s 
balun performance as the attenuators are swapped between the inputs  
and outputs. This generates another set of four traces, shown as dashed 
lines in Figure 9. The result is that we are back where we started, as this 
shows up as more variation in the test measurement. This further under-
scores that small amounts of mismatch in either side of a differential 
signal pair matters at high frequencies. Keep in mind to document your 
test conditions in detail.

图5. 各种巴伦的幅度不平衡

接下来的两幅图代表使用最佳巴伦对H D2失真重新测试的结果，

这些巴伦分别来自供应商1B和供应商2B，具有最低的相位不平衡，

如图6和图7所示。注意，如果有更好的不平衡性能，则HD2失真方

差会相应降低，如图7所示。
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The red traces in Figures 4 and Figure 5 correspond to the actual balun 
used to acquire HD2 distortion data in Figure 3. This particular balun, 
from Vendor 1A, had one of the highest bandwidths and good pass-band 
flatness, but worse phase imbalance as compared to the other baluns over 
the same 10 GHz frequency test band.
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Figure 4. Phase imbalance of various baluns.
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Figure 5. Magnitude imbalance of various baluns.

The next two figures represent a retest of HD2 distortion using the best  
balun that had the lowest phase imbalance found in Figure 6 and Figure 7, 
from Vendor 1B and Vendor 2B, respectively. Notice that with better imbal-
ance performance, HD2 distortion variance is reduced accordingly,  
as seen in Figure 7.
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Figure 6. Retesting HD2 performance with Vendor 1B balun using  
different balun orientations.
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Figure 7. Retesting HD2 performance with Vendor 2B balun using  
different balun orientations.

To further illustrate how phase imbalances directly affects the performance 
of even order distortion, Figure 8 shows HD3 distortion over the same con-
ditions as the previous HD2 figure. Notice how all four traces are roughly 
the same, as expected. Therefore, as proven in the mathematical derivation 
example shown previously, HD3 distortion is not as sensitive to imbalances 
in the signal chain.
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Figure 8. Testing HD3 performance with Vendor 2B balun using dif-
ferent balun orientations.

Until this point it should be assumed that the input and output connected 
attenuator pads, as shown connected in Figure 2, are stationary and did 
not change during the balun orientation measurements. The next figure 
represents the same traces shown in Figure 7, testing only Vendor 2B’s 
balun performance as the attenuators are swapped between the inputs  
and outputs. This generates another set of four traces, shown as dashed 
lines in Figure 9. The result is that we are back where we started, as this 
shows up as more variation in the test measurement. This further under-
scores that small amounts of mismatch in either side of a differential 
signal pair matters at high frequencies. Keep in mind to document your 
test conditions in detail.

图6. 使用供应商1B巴伦和不同巴伦方向重新测试HD2性能
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The red traces in Figures 4 and Figure 5 correspond to the actual balun 
used to acquire HD2 distortion data in Figure 3. This particular balun, 
from Vendor 1A, had one of the highest bandwidths and good pass-band 
flatness, but worse phase imbalance as compared to the other baluns over 
the same 10 GHz frequency test band.
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Figure 4. Phase imbalance of various baluns.
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Figure 5. Magnitude imbalance of various baluns.

The next two figures represent a retest of HD2 distortion using the best  
balun that had the lowest phase imbalance found in Figure 6 and Figure 7, 
from Vendor 1B and Vendor 2B, respectively. Notice that with better imbal-
ance performance, HD2 distortion variance is reduced accordingly,  
as seen in Figure 7.
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Figure 6. Retesting HD2 performance with Vendor 1B balun using  
different balun orientations.
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Figure 7. Retesting HD2 performance with Vendor 2B balun using  
different balun orientations.

To further illustrate how phase imbalances directly affects the performance 
of even order distortion, Figure 8 shows HD3 distortion over the same con-
ditions as the previous HD2 figure. Notice how all four traces are roughly 
the same, as expected. Therefore, as proven in the mathematical derivation 
example shown previously, HD3 distortion is not as sensitive to imbalances 
in the signal chain.
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Figure 8. Testing HD3 performance with Vendor 2B balun using dif-
ferent balun orientations.

Until this point it should be assumed that the input and output connected 
attenuator pads, as shown connected in Figure 2, are stationary and did 
not change during the balun orientation measurements. The next figure 
represents the same traces shown in Figure 7, testing only Vendor 2B’s 
balun performance as the attenuators are swapped between the inputs  
and outputs. This generates another set of four traces, shown as dashed 
lines in Figure 9. The result is that we are back where we started, as this 
shows up as more variation in the test measurement. This further under-
scores that small amounts of mismatch in either side of a differential 
signal pair matters at high frequencies. Keep in mind to document your 
test conditions in detail.

图7. 使用供应商2B巴伦和不同巴伦方向重新测试HD2性能

为了进一步说明相位不平衡如何直接影响偶数阶失真性能，图8

显示了与前一HD2图相同条件下的HD3失真。请注意，所有四条曲

线大致相同，符合预期。因此，如前面的数学推导示例所证明的，

HD3失真对信号链中的不平衡不太敏感。
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The red traces in Figures 4 and Figure 5 correspond to the actual balun 
used to acquire HD2 distortion data in Figure 3. This particular balun, 
from Vendor 1A, had one of the highest bandwidths and good pass-band 
flatness, but worse phase imbalance as compared to the other baluns over 
the same 10 GHz frequency test band.
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Figure 4. Phase imbalance of various baluns.
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Figure 5. Magnitude imbalance of various baluns.

The next two figures represent a retest of HD2 distortion using the best  
balun that had the lowest phase imbalance found in Figure 6 and Figure 7, 
from Vendor 1B and Vendor 2B, respectively. Notice that with better imbal-
ance performance, HD2 distortion variance is reduced accordingly,  
as seen in Figure 7.
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Figure 6. Retesting HD2 performance with Vendor 1B balun using  
different balun orientations.
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Figure 7. Retesting HD2 performance with Vendor 2B balun using  
different balun orientations.

To further illustrate how phase imbalances directly affects the performance 
of even order distortion, Figure 8 shows HD3 distortion over the same con-
ditions as the previous HD2 figure. Notice how all four traces are roughly 
the same, as expected. Therefore, as proven in the mathematical derivation 
example shown previously, HD3 distortion is not as sensitive to imbalances 
in the signal chain.
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Figure 8. Testing HD3 performance with Vendor 2B balun using dif-
ferent balun orientations.

Until this point it should be assumed that the input and output connected 
attenuator pads, as shown connected in Figure 2, are stationary and did 
not change during the balun orientation measurements. The next figure 
represents the same traces shown in Figure 7, testing only Vendor 2B’s 
balun performance as the attenuators are swapped between the inputs  
and outputs. This generates another set of four traces, shown as dashed 
lines in Figure 9. The result is that we are back where we started, as this 
shows up as more variation in the test measurement. This further under-
scores that small amounts of mismatch in either side of a differential 
signal pair matters at high frequencies. Keep in mind to document your 
test conditions in detail.

图8. 使用供应商2B巴伦和不同巴伦方向测试HD3性能

到目前为止，应假定输入和输出连接的衰减器焊盘（如图2所示）

是固定一致的，且在巴伦方向测量期间无变化。下图图7所示的相

同曲线，仅测试供应商2B的巴伦性能，输入和输出之间交换衰减

器。这就产生另一组（四条）曲线，如图9中的虚线所示。结果是

我们回到了开始的地方，因为这在测试测量中表现出更多的变化。

这进一步强调了差分信号对任一侧的少量不匹配在高频率下影响

很大。务必详细记录测试条件。
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利用采样保持放大器和

R F A D C从根本上扩展

带宽以突破X波段频率
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图9. 仅使用供应商2B巴伦以及不同巴伦方向和衰减焊盘交换测试HD2
性能

全部抵消

总之，在GHz区域开发全差分信号链时，所有东西都很重要，包括

衰减器焊盘、巴伦、电缆、印刷电路板上的走线等。我们已经在数

学上和实验室中使用高速差分放大器作为测试平台证明了这一点。

因此，在开始责备器件或供应商之前，请在PCB布局和实验室测试

期间特别小心。

最后，您可能会问自己，多大相位不平衡是可以容忍的？例如，一

个巴伦在x GHz时相位不平衡为x度，它对具体器件或系统有何影

响？线性度性能是否会有一定程度的损失或多少dB恶化？

这是一个很难回答的问题。在理想世界里，如果信号链中的每件

东西都完美匹配，那么就不会有偶数阶失真需要担心。其次，如

果有一个经验法则或公式来告诉我们每x°的相位不平衡会带来x 

dB的线性度损失（HD2性能降低），岂不美哉。但是，这不可能。为

什么？因为每个器件，无论有源、无源还是差分式，都会有某种固

有的相位不匹配。根本没有办法在内部使IC设计实现完美的平衡，

或者切割出长度绝对一致的电缆。因此，不论这些不匹配有多小，

随着系统使用的频率越来越高，它们都会变得更加突出。

总之，当使用全差分输入和输出时，我们会尽我们所能做好我们

的工作，让IC布局不匹配保持最小。当您在实验室测试我们的产品

时，希望您也这样做。
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