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简介
在第一部分中，我们介绍了相控阵概念、波束转向和阵列增益。

在第二部分中，我们讨论了栅瓣和波束斜视概念。在这第三部分

中，我们首先讨论天线旁瓣，以及锥削对整个阵列的影响。锥削

就是操控单个元件的振幅对整体天线响应的影响。

在第一部分中未应用锥削，且从图中可以看出第一旁瓣为–13 dBc。

锥削提供了一种减少天线旁瓣的方法，但会降低天线增益和主

瓣波束宽度。在简要介绍锥削之后，我们会详细说明与天线增

益相关的几个要点。

傅里叶变换：矩形函数 ↔ sinc函数
在电气工程中，有各种不同的方法可以将一个域中的矩形函数转

变为另一个域中的sinc函数。最常见的形式是时域中的矩形脉冲

转换成sinc函数的频谱分量。这个转换过程是可逆的，在宽带应

用中，宽带波形也可以转换为时域中的窄脉冲。相控阵天线也具

有类似的特性：沿阵列平面轴的矩形加权按照正弦函数辐射方

向图。

应用到此特性，以sinc函数表示的第一旁瓣只有-13dBc是有问题的。

图1显示了这个原理。

锥削（或加权）
要解决旁瓣问题，可以在整个矩形脉冲内使用加权处理。这在

FFT中很常见，相控阵中的锥削选项则是直接模拟了FFT中加权。

遗憾的是，加权也是存在缺点的，它虽然实现了减少旁瓣但需要

以加宽主瓣为代价。图2显示了一些加权函数示例。

波形与天线类比
从时间到频率的转换是很平常的，大多数电气工程师自然会明白。

但是，对于刚接触相控阵的工程师来说，如何使用天线方向图类

比在一开始并不明确。为此，我们用场域激励代替时域信号，并

用空间域代替频域输出。

时域 → 场域

�  v(t)—电压是时间的函数

�  E(x)—场强与孔径中的位置呈函数关系

频域 → 空间域

�  Y(f)—功率谱密度是频率的函数

�  G(q)—天线增益是角度的函数

图3显示了这些原理。在这里，我们比较了阵列中应用两种不同

加权的辐射能量。图3a和图3c显示场域。每个点表示这个N = 16阵

列中一个元件的振幅。在天线之外，没有辐射能量，辐射从天线

边缘开始。在图3a中，场强出现突变，而在图3c中，场强随着距离

天线边缘的距离增大而逐渐增大。对辐射能量造成的影响分别

如图3b和图3d所示。

在下一节中，我们将介绍影响天线方向图性能的两种附加误差

项。第一种是互耦。在本文中，我们只是提出存在此问题，并且

给出用于量化此影响的EM模型的数量。第二种是由于在相移控

制中精度有限而产生的量化旁瓣。我们对量化误差进行了更深入

地处理，并对量化旁瓣进行了量化。
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图1. 时域中的矩形脉冲在频域中产生正弦函数，第一旁瓣仅为–13 dBc。



请访问：analogdialogue.com/cn     3

VISIT ANALOG.COM 3

0.8

0.6

0.4

0.2

0

1.0

–5 –4 –3 –2 –1 0 1 2 3 4 5

v(
t)

t

Boxcar—First Sidelobe at –13 dBc
Narrowest Main Lobe

Hanning—First Sidelobe at –30 dBc
Narrowest Main Lobe

Hamming—Lower Close-In Sidelobes
Narrower Main Lobe Than Hanning

Blackman—Lowest Sidelobes
Broadest Main Lobe

0.8

0.6

0.4

0.2

0

1.0

–5 –4 –3 –2 –1 0 1 2 3 4 5

v(
t)

t

0.8

0.6

0.4

0.2

0

1.0

–5 –4 –3 –2 –1 0 1 2 3 4 5

v(
t)

t

0.8

0.6

0.4

0.2

0

1.0

–5 –4 –3 –2 –1 0 1 2 3 4 5

v(
t)

t

–30

–20

–10

-40

–50

–70

–60

–80

0

–1 –0.8 –0.6 –0.4 –0.2 0 0.2 0.4 0.6 0.8 1.0

dB
(Y

(f
))

f

–30

–20

–10

-40

–50

–70

–60

–80

0

–1 –0.8 –0.6 –0.4 –0.2 0 0.2 0.4 0.6 0.8 1.0

f

–30

–20

–10

-40

–50

–70

–60

–80

0

–1 –0.8 –0.6 –0.4 –0.2 0 0.2 0.4 0.6 0.8 1.0

f

–30

–20

–10

-40

–50

–70

–60

–80
–1 –0.8 –0.6 –0.4 –0.2 0 0.2 0.4 0.6 0.8 1.0

f

dB
(Y

(f
))

dB
(Y

(f
))

dB
(Y

(f
))

0

Time Domain Frequency Domain

Figure 2. Example weighting functions. 
图2. 加权函数示例。
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互耦误差
这里讨论的所有方程和阵列因子图都假设元件是相同的，并且每

个元件都具有相同的辐射方向图。但事实并非如此。其中一个原

因是互耦，即相邻元件之间耦合。元件分散在阵列中与元件彼此

紧密排列相比，其辐射性能会发生很大变化。位于阵列边缘的元

件和位于阵列中心的元件所处的环境不同。此外，当波束转向时，

元件之间的互耦也会改变。所有这些影响会产生一个附加的误差

项，需要天线设计人员加以考虑，在实际设计中，需要花大量精力

使用电磁仿真器来表征这些条件下的辐射影响。

波束角度分辨率和量化旁瓣
相控阵天线还有另一个缺陷，用于波束转向的时间延迟单元或移

相器的分辨率是有限的。这通常利用离散时间（或相位）步长来

实现数字控制。但是，如何确定延迟单元或移向器的分辨率或位

数，以达到的所需的波束质量呢？

与常见的理解相反，波束角度分辨率并不等于移相器的分辨率。

从方程式1（第二部分中的方程式2）中，我们可以看出这样的关系：

4 PHASED ARRAY ANTENNA PATTERNS—PART 3: SIDELOBES AND TAPERING

Mutual Coupling Errors
All the equations and array factor plots discussed here have assumed that the 
elements are identical and each has the same radiation pattern. In practice, 
this is not the case. One of the reasons for this is mutual coupling, which is 
the coupling between adjacent elements. An element’s radiating performance 

spaced more closely. The elements at the edge of the array have a different sur-
rounding environment than the elements in the middle of the array. Furthermore, 
as the beam is steered, the mutual coupling between elements changes. All 
these effects create an additional error term to be accounted for by the antenna 
designer and, in practice, much effort is spent with electromagnetic simulators 
to characterize the radiation effects under these conditions.

Beam Angle Resolution and Quantization 
Sidelobes

-
tion of the time delay unit, or phase shifter, used to steer the beam. This is 
typically digitally controlled with discrete time (or phase) steps. But how does 
one determine the resolution, or number of bits, required to achieve the beam 
quality goals?

Contrary to common misconceptions, beam angle resolution is not equivalent to 
the resolution of the phase shifters. In Equation 1 (Equation 2 in Part 2), we saw 
this relationship:
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Figure 3. Graphs showing element tapering transformed to radiated energy weighting; (a) uniform weighting applied to all elements; (b) sinc function radiated spatially; (c) Hamming weighting 
applied across the elements; and (d) radiated sidelobes reduced to 40 dBc at the expense of broadening the main beam. 
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Figure 3. Graphs showing element tapering transformed to radiated energy weighting; (a) uniform weighting applied to all elements; (b) sinc function radiated spatially; (c) Hamming weighting 
applied across the elements; and (d) radiated sidelobes reduced to 40 dBc at the expense of broadening the main beam. 图3. 显示变窄元件转化为辐射能量加权的图表；(A)对所有元件使用统一加权；(b)正弦函数在空间内辐射；(c)对所有元件使用海明窗加权处理；以及(d)

以加宽主波束为代价，将辐射旁瓣降低到40 dBc。
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我们可以用整个阵列中的相移来表达这种关系，需要将阵列宽度

D替换为元件间隔d。然后如果我们将移相器ΦLSB替换为∆Φ，我们

可以粗略估算波束角度分辨率。对于N个元件以半个波长间隔排

列的线性阵列来说，波束角度分辨率如方程式2所示。
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We can express this in terms of the phase shift across the entire array by substi-
tuting the array width D for the element spacing d. If we then substitute the 
phase shifter ΦLSB for ∆Φ, we can approximate the beam angle resolution. For 
a linear array with N elements spaced at a half wavelength, the resolution of the 

(2)

when one half of the array has a phase shift of zero, and the other half has a 
phase shift of the LSB of the phase shifter. Smaller angles are possible if less 
than one half of the array is programmed to the phase LSB. Figure 4 plots the 
beam angle for a 30-element array using a 2-bit phase shifter, as the phase LSB  
is progressively switched into elements from left to right across the array. Note 
that the beam angle increases until half of the elements are shifted by an LSB, 
and then returns to zero when all elements are at the LSB. This makes sense as 
the beam angle changes through a difference in phase across the array. Note 
that the peak of this characteristic is θRES, as previously calculated.
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Figure 4. Beam angle vs. number of elements at LSB for a 30-element linear array.  
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Figure 5. Beam angle resolution vs. array size for phase shifter resolution of 2 bits to 8 bits. 

Figure 5 plots θRES as a function of array diameter (at λ/2 element spacing) 
for different phase shifter resolutions. This shows that even a very coarse 2-bit 
phase shifter with a 90° LSB can achieve 1° resolution for an array diameter of 30 
elements. Solving Equation 10 in Part 1 for 30 elements at λ/2 spacing, the main 
lobe beamwidth is approximately 3.3°, suggesting that we have ample resolution 
even with this very coarse phase shifter. So, what do we get for a higher resolu-
tion phase shifter? Drawing from analogies between time sampled systems (data 
converters) and space sampled systems (phased array antennas), a higher resolu-

phase/time shifters result in lower quantization sidelobe levels (QSLL).

Figure 6 shows the phase shifter settings and phase error across the 2-bit, 
30-element linear array previously described, programmed to the beam resolu-
tion angle θRES. Half of the array is set to zero phase shift, and the other half 
is set to the 90° LSB. Note that the error, the difference between the ideal and 
actual quantized phase shift is sawtooth in shape.
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The antenna patterns for the same antenna steered to 0° and to the beam 
resolution angle are shown in Figure 7. Note that there is a severe degradation  
of the pattern due to the quantization error of the phase shifter.
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Figure 7. Antenna pattern with quantization sidelobes at minimum beam angle. 

 (2)

这是背离瞄准线的波束角度分辨率，描述了当阵列的一半相移为

零，另一半的相移为移相器的LSB时的波束角度。如果不到一半的

阵列通过编程达到相位LSB，则角度可能更小。图4显示使用2位移

相器的30元件阵列的波束角度（相位LSB逐渐增加）。注意，波束

角度增加，直到一半元件移相LSB，然后在所有元件移相LSB时归零。

当波束角度通过阵列中的相位差而变化时，这是有意义的。注意，

正如前面计算的那样，此特性的峰值为θRES。
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图4. 30元件线性阵列在LSB时的波束角度与元件数量之间的关系。
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actual quantized phase shift is sawtooth in shape.
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Figure 6. Element phase shift and error across an array. 

The antenna patterns for the same antenna steered to 0° and to the beam 
resolution angle are shown in Figure 7. Note that there is a severe degradation  
of the pattern due to the quantization error of the phase shifter.
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Figure 7. Antenna pattern with quantization sidelobes at minimum beam angle. 

图5. 移相器分辨率为2位至8位时，波束角度分辨率与阵列大小的关系。

图5显示不同移相器分辨率下θRES与阵列直径（元件间隔为λ/2）的

关系。这表明，即使是LSB为90°的非常粗糙的2位移相器，也可以在

直径为30个元件的阵列中实现1°的分辨率。在第一部分使用方程

式10针对30元件、λ/2间隔条件进行求解时，主瓣波束宽度约为3.3°，

表示即便使用这个非常粗糙的移相器，我们也具备足够的分辨率。

那么，使用更高分辨率的移相器又会得出什么结果？从时间采样

系统（数据转换器）和空间采样系统（相控阵天线）之间的类比可

以看出，较高分辨率的数据转换器产生较低的量化本底噪声。更

高分辨率的相位/时间偏移器会导致较低的量化旁瓣电平 (QSLL)。

图6显示之前描述的编程采用θRES波束分辨率角度的2位30元件线性

阵列的移相器设置和相位误差。一半阵列设为零相移，另一半设

为90°LSB。注意，误差（理想量化相移与实际量化相移之间的差异）

曲线呈锯齿状。

VISIT ANALOG.COM 5

We can express this in terms of the phase shift across the entire array by substi-
tuting the array width D for the element spacing d. If we then substitute the 
phase shifter ΦLSB for ∆Φ, we can approximate the beam angle resolution. For 
a linear array with N elements spaced at a half wavelength, the resolution of the 

(2)

when one half of the array has a phase shift of zero, and the other half has a 
phase shift of the LSB of the phase shifter. Smaller angles are possible if less 
than one half of the array is programmed to the phase LSB. Figure 4 plots the 
beam angle for a 30-element array using a 2-bit phase shifter, as the phase LSB  
is progressively switched into elements from left to right across the array. Note 
that the beam angle increases until half of the elements are shifted by an LSB, 
and then returns to zero when all elements are at the LSB. This makes sense as 
the beam angle changes through a difference in phase across the array. Note 
that the peak of this characteristic is θRES, as previously calculated.
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Figure 5. Beam angle resolution vs. array size for phase shifter resolution of 2 bits to 8 bits. 

Figure 5 plots θRES as a function of array diameter (at λ/2 element spacing) 
for different phase shifter resolutions. This shows that even a very coarse 2-bit 
phase shifter with a 90° LSB can achieve 1° resolution for an array diameter of 30 
elements. Solving Equation 10 in Part 1 for 30 elements at λ/2 spacing, the main 
lobe beamwidth is approximately 3.3°, suggesting that we have ample resolution 
even with this very coarse phase shifter. So, what do we get for a higher resolu-
tion phase shifter? Drawing from analogies between time sampled systems (data 
converters) and space sampled systems (phased array antennas), a higher resolu-

phase/time shifters result in lower quantization sidelobe levels (QSLL).

Figure 6 shows the phase shifter settings and phase error across the 2-bit, 
30-element linear array previously described, programmed to the beam resolu-
tion angle θRES. Half of the array is set to zero phase shift, and the other half 
is set to the 90° LSB. Note that the error, the difference between the ideal and 
actual quantized phase shift is sawtooth in shape.
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Figure 6. Element phase shift and error across an array. 

The antenna patterns for the same antenna steered to 0° and to the beam 
resolution angle are shown in Figure 7. Note that there is a severe degradation  
of the pattern due to the quantization error of the phase shifter.
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Figure 7. Antenna pattern with quantization sidelobes at minimum beam angle. 

图6. 阵列中的元件相移和相位误差。

图7显示同一天线在转向0°和转向波束分辨率角度时的天线方向

图。请注意，由于移相器的量化误差，出现了严重的方向图退化。
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phase shifter ΦLSB for ∆Φ, we can approximate the beam angle resolution. For 
a linear array with N elements spaced at a half wavelength, the resolution of the 
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phase shift of the LSB of the phase shifter. Smaller angles are possible if less 
than one half of the array is programmed to the phase LSB. Figure 4 plots the 
beam angle for a 30-element array using a 2-bit phase shifter, as the phase LSB  
is progressively switched into elements from left to right across the array. Note 
that the beam angle increases until half of the elements are shifted by an LSB, 
and then returns to zero when all elements are at the LSB. This makes sense as 
the beam angle changes through a difference in phase across the array. Note 
that the peak of this characteristic is θRES, as previously calculated.
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Figure 5 plots θRES as a function of array diameter (at λ/2 element spacing) 
for different phase shifter resolutions. This shows that even a very coarse 2-bit 
phase shifter with a 90° LSB can achieve 1° resolution for an array diameter of 30 
elements. Solving Equation 10 in Part 1 for 30 elements at λ/2 spacing, the main 
lobe beamwidth is approximately 3.3°, suggesting that we have ample resolution 
even with this very coarse phase shifter. So, what do we get for a higher resolu-
tion phase shifter? Drawing from analogies between time sampled systems (data 
converters) and space sampled systems (phased array antennas), a higher resolu-

phase/time shifters result in lower quantization sidelobe levels (QSLL).

Figure 6 shows the phase shifter settings and phase error across the 2-bit, 
30-element linear array previously described, programmed to the beam resolu-
tion angle θRES. Half of the array is set to zero phase shift, and the other half 
is set to the 90° LSB. Note that the error, the difference between the ideal and 
actual quantized phase shift is sawtooth in shape.
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Figure 6. Element phase shift and error across an array. 

The antenna patterns for the same antenna steered to 0° and to the beam 
resolution angle are shown in Figure 7. Note that there is a severe degradation  
of the pattern due to the quantization error of the phase shifter.
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Figure 7. Antenna pattern with quantization sidelobes at minimum beam angle. 图7. 在最小波束角度下具有量化旁瓣的天线方向图。
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6     相控阵天线方向图—第3部分：旁瓣和锥削

当孔径内发生最大量化误差，其他所有元件都是零误差，且相邻

元件间隔LSB/2时，出现最糟糕的量化旁瓣情形。这代表了最大可

能的量化误差和孔径误差的最大周期。图8显示了使用2位30元件

时的这种情况。

6 PHASED ARRAY ANTENNA PATTERNS—PART 3: SIDELOBES AND TAPERING

The worst-case quantization sidelobes occur when the maximum quantization 
error occurs across the aperture, when every other element is at zero error, and 
the neighbor is at LSB/2. This represents both the maximum possible quantiza-
tion error and the maximum periodicity of the error across the aperture. This 
condition is shown for the 2-bit, 30-element case in Figure 8.
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Figure 8. Worst-case antenna quantization sidelobes—2 bits. 

This situation occurs at predictable beam angles as shown in Equation 3.
±n

2BITS (3)θMAX QSLL = sin–1 

where n < 2BITS

times between horizons, at ±14.5° and ±48.6°. Figure 9 shows the antenna pattern 
for this system for n = 1, q = +14.5°. Note the substantial –7.5 dB quantization 
sidelobe at –50°.
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Figure 9. Worst-case antenna quantization sidelobes: 2 bits, n = 1, 30 elements. 

At beam angles other than the special cases where the quantization error is 
sequentially 0 and LSB/2, the rms error is reduced as it is spread across the 
aperture. In fact, for the angle equation (Equation 3) for even values of n, the 
quantization error is zero. If we plot the relative level of the highest quantization 
sidelobe for various phase shifter resolutions, some interesting patterns emerge. 
Figure 9 shows the worst-case QSLL for a 100-element linear array, employing a 
Hamming taper so that the quantization sidelobes can be differentiated from the 
classical windowing sidelobes discussed earlier in this section.

Note that at 30°, all quantization error goes to zero, which can be shown to be 
a consequence of sin(30°) = 0.5. Notice that the beam angle of the worst-case 
level for any particular n-bit phase shifter exhibits zero quantization error at any 
higher resolution n. The beam angles for worst-case sidelobe levels described 
here can be seen, as well as the 6 dB improvement in QSLL per bit of resolution.
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Figure 10. Worst-case quantization sidelobes vs. beam angle for phase shifter resolutions of 
2 bits to 6 bits. 
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Figure 11. Worst-case quantization sidelobe levels vs. phase shifter resolution. 

The maximum quantization sidelobe levels, QSLL, for 2-bit to 8-bit phase shifter 
resolutions are shown in Figure 11, which follows the familiar quantization noise 
law for data converters,

(4)QSLL α  20 log10 2–BITS

or about 6 dB per bit of resolution. At 2 bits, the QSLL levels are about –7.5 dB, 
higher than the classical +12 dB for a data converter sampling a random signal. 
This discrepancy can be viewed as a consequence of the periodically occurring 
sawtooth error being sampled across the aperture, where the spatial harmonics 
add in phase. Note that the QSLL is not a function of the aperture size. 

图8. 最糟糕的天线量化旁瓣情形——2位。

这种情况在可预测的波束角度下（如方程3所示）发生。

6 PHASED ARRAY ANTENNA PATTERNS—PART 3: SIDELOBES AND TAPERING

The worst-case quantization sidelobes occur when the maximum quantization 
error occurs across the aperture, when every other element is at zero error, and 
the neighbor is at LSB/2. This represents both the maximum possible quantiza-
tion error and the maximum periodicity of the error across the aperture. This 
condition is shown for the 2-bit, 30-element case in Figure 8.
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This situation occurs at predictable beam angles as shown in Equation 3.
±n

2BITS (3)θMAX QSLL = sin–1 

where n < 2BITS

times between horizons, at ±14.5° and ±48.6°. Figure 9 shows the antenna pattern 
for this system for n = 1, q = +14.5°. Note the substantial –7.5 dB quantization 
sidelobe at –50°.
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Figure 9. Worst-case antenna quantization sidelobes: 2 bits, n = 1, 30 elements. 

At beam angles other than the special cases where the quantization error is 
sequentially 0 and LSB/2, the rms error is reduced as it is spread across the 
aperture. In fact, for the angle equation (Equation 3) for even values of n, the 
quantization error is zero. If we plot the relative level of the highest quantization 
sidelobe for various phase shifter resolutions, some interesting patterns emerge. 
Figure 9 shows the worst-case QSLL for a 100-element linear array, employing a 
Hamming taper so that the quantization sidelobes can be differentiated from the 
classical windowing sidelobes discussed earlier in this section.

Note that at 30°, all quantization error goes to zero, which can be shown to be 
a consequence of sin(30°) = 0.5. Notice that the beam angle of the worst-case 
level for any particular n-bit phase shifter exhibits zero quantization error at any 
higher resolution n. The beam angles for worst-case sidelobe levels described 
here can be seen, as well as the 6 dB improvement in QSLL per bit of resolution.
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Figure 11. Worst-case quantization sidelobe levels vs. phase shifter resolution. 

The maximum quantization sidelobe levels, QSLL, for 2-bit to 8-bit phase shifter 
resolutions are shown in Figure 11, which follows the familiar quantization noise 
law for data converters,

(4)QSLL α  20 log10 2–BITS

or about 6 dB per bit of resolution. At 2 bits, the QSLL levels are about –7.5 dB, 
higher than the classical +12 dB for a data converter sampling a random signal. 
This discrepancy can be viewed as a consequence of the periodically occurring 
sawtooth error being sampled across the aperture, where the spatial harmonics 
add in phase. Note that the QSLL is not a function of the aperture size. 

 (3)

其中n < 2BITS，且n为奇数。对于2位系统，这种情况会在±14.5°和±48.6°

范围之间发生4次。图9显示该系统在n = 1，q = +14.5°时的天线方向图。

注意在–50°时具有明显的–7.5 dB量化旁瓣。
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the neighbor is at LSB/2. This represents both the maximum possible quantiza-
tion error and the maximum periodicity of the error across the aperture. This 
condition is shown for the 2-bit, 30-element case in Figure 8.
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This situation occurs at predictable beam angles as shown in Equation 3.
±n

2BITS (3)θMAX QSLL = sin–1 

where n < 2BITS

times between horizons, at ±14.5° and ±48.6°. Figure 9 shows the antenna pattern 
for this system for n = 1, q = +14.5°. Note the substantial –7.5 dB quantization 
sidelobe at –50°.
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At beam angles other than the special cases where the quantization error is 
sequentially 0 and LSB/2, the rms error is reduced as it is spread across the 
aperture. In fact, for the angle equation (Equation 3) for even values of n, the 
quantization error is zero. If we plot the relative level of the highest quantization 
sidelobe for various phase shifter resolutions, some interesting patterns emerge. 
Figure 9 shows the worst-case QSLL for a 100-element linear array, employing a 
Hamming taper so that the quantization sidelobes can be differentiated from the 
classical windowing sidelobes discussed earlier in this section.

Note that at 30°, all quantization error goes to zero, which can be shown to be 
a consequence of sin(30°) = 0.5. Notice that the beam angle of the worst-case 
level for any particular n-bit phase shifter exhibits zero quantization error at any 
higher resolution n. The beam angles for worst-case sidelobe levels described 
here can be seen, as well as the 6 dB improvement in QSLL per bit of resolution.
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The maximum quantization sidelobe levels, QSLL, for 2-bit to 8-bit phase shifter 
resolutions are shown in Figure 11, which follows the familiar quantization noise 
law for data converters,

(4)QSLL α  20 log10 2–BITS

or about 6 dB per bit of resolution. At 2 bits, the QSLL levels are about –7.5 dB, 
higher than the classical +12 dB for a data converter sampling a random signal. 
This discrepancy can be viewed as a consequence of the periodically occurring 
sawtooth error being sampled across the aperture, where the spatial harmonics 
add in phase. Note that the QSLL is not a function of the aperture size. 

图9. 最糟糕的天线量化旁瓣情形：2位，n = 1，30元件。

除了量化误差依次为0和LSB/2的特殊情况外，在其他波束角度下，

rms误差随着波束在孔径上的扩散而减小。事实上，对于n为偶数值

的角度方程（方程式3），量化误差为0。如果我们绘制在不同移相

器分辨率下最高量化旁瓣的相对电平，会出现一些有趣的方向图。 

图9显示100元件线性阵列最糟糕的QSLL，该阵列使用海明锥形，

以便将量化旁瓣与本节前面讨论的经典开窗旁瓣区分开来。

注意，在30°时，所有量化误差都趋于0，这可以显示为sin(30°) = 0.5时

的结果。请注意，对于任何特定的n位移相器，在最糟糕电平下的

波束角度在更高分辨率n下会显示零量化误差。在这里可以看出描

述的最糟糕旁瓣电平下的波束角度，以及QSLL在每位分辨率下

改善了6 dB。
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The worst-case quantization sidelobes occur when the maximum quantization 
error occurs across the aperture, when every other element is at zero error, and 
the neighbor is at LSB/2. This represents both the maximum possible quantiza-
tion error and the maximum periodicity of the error across the aperture. This 
condition is shown for the 2-bit, 30-element case in Figure 8.
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This situation occurs at predictable beam angles as shown in Equation 3.
±n

2BITS (3)θMAX QSLL = sin–1 

where n < 2BITS

times between horizons, at ±14.5° and ±48.6°. Figure 9 shows the antenna pattern 
for this system for n = 1, q = +14.5°. Note the substantial –7.5 dB quantization 
sidelobe at –50°.
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Figure 9. Worst-case antenna quantization sidelobes: 2 bits, n = 1, 30 elements. 

At beam angles other than the special cases where the quantization error is 
sequentially 0 and LSB/2, the rms error is reduced as it is spread across the 
aperture. In fact, for the angle equation (Equation 3) for even values of n, the 
quantization error is zero. If we plot the relative level of the highest quantization 
sidelobe for various phase shifter resolutions, some interesting patterns emerge. 
Figure 9 shows the worst-case QSLL for a 100-element linear array, employing a 
Hamming taper so that the quantization sidelobes can be differentiated from the 
classical windowing sidelobes discussed earlier in this section.

Note that at 30°, all quantization error goes to zero, which can be shown to be 
a consequence of sin(30°) = 0.5. Notice that the beam angle of the worst-case 
level for any particular n-bit phase shifter exhibits zero quantization error at any 
higher resolution n. The beam angles for worst-case sidelobe levels described 
here can be seen, as well as the 6 dB improvement in QSLL per bit of resolution.
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Figure 10. Worst-case quantization sidelobes vs. beam angle for phase shifter resolutions of 
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Figure 11. Worst-case quantization sidelobe levels vs. phase shifter resolution. 

The maximum quantization sidelobe levels, QSLL, for 2-bit to 8-bit phase shifter 
resolutions are shown in Figure 11, which follows the familiar quantization noise 
law for data converters,

(4)QSLL α  20 log10 2–BITS

or about 6 dB per bit of resolution. At 2 bits, the QSLL levels are about –7.5 dB, 
higher than the classical +12 dB for a data converter sampling a random signal. 
This discrepancy can be viewed as a consequence of the periodically occurring 
sawtooth error being sampled across the aperture, where the spatial harmonics 
add in phase. Note that the QSLL is not a function of the aperture size. 

图10. 在2位至6位移相器分辨率下，最糟糕的量化旁瓣与波束角度的关系。

6 PHASED ARRAY ANTENNA PATTERNS—PART 3: SIDELOBES AND TAPERING

The worst-case quantization sidelobes occur when the maximum quantization 
error occurs across the aperture, when every other element is at zero error, and 
the neighbor is at LSB/2. This represents both the maximum possible quantiza-
tion error and the maximum periodicity of the error across the aperture. This 
condition is shown for the 2-bit, 30-element case in Figure 8.
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Figure 8. Worst-case antenna quantization sidelobes—2 bits. 

This situation occurs at predictable beam angles as shown in Equation 3.
±n

2BITS (3)θMAX QSLL = sin–1 

where n < 2BITS

times between horizons, at ±14.5° and ±48.6°. Figure 9 shows the antenna pattern 
for this system for n = 1, q = +14.5°. Note the substantial –7.5 dB quantization 
sidelobe at –50°.
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Figure 9. Worst-case antenna quantization sidelobes: 2 bits, n = 1, 30 elements. 

At beam angles other than the special cases where the quantization error is 
sequentially 0 and LSB/2, the rms error is reduced as it is spread across the 
aperture. In fact, for the angle equation (Equation 3) for even values of n, the 
quantization error is zero. If we plot the relative level of the highest quantization 
sidelobe for various phase shifter resolutions, some interesting patterns emerge. 
Figure 9 shows the worst-case QSLL for a 100-element linear array, employing a 
Hamming taper so that the quantization sidelobes can be differentiated from the 
classical windowing sidelobes discussed earlier in this section.

Note that at 30°, all quantization error goes to zero, which can be shown to be 
a consequence of sin(30°) = 0.5. Notice that the beam angle of the worst-case 
level for any particular n-bit phase shifter exhibits zero quantization error at any 
higher resolution n. The beam angles for worst-case sidelobe levels described 
here can be seen, as well as the 6 dB improvement in QSLL per bit of resolution.
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The maximum quantization sidelobe levels, QSLL, for 2-bit to 8-bit phase shifter 
resolutions are shown in Figure 11, which follows the familiar quantization noise 
law for data converters,

(4)QSLL α  20 log10 2–BITS

or about 6 dB per bit of resolution. At 2 bits, the QSLL levels are about –7.5 dB, 
higher than the classical +12 dB for a data converter sampling a random signal. 
This discrepancy can be viewed as a consequence of the periodically occurring 
sawtooth error being sampled across the aperture, where the spatial harmonics 
add in phase. Note that the QSLL is not a function of the aperture size. 

图11. 最糟糕的量化旁瓣电平与移相器分辨率的关系。

2位至8位移相器分辨率的最大量化旁瓣电平QSLL如图11所示，它遵循

类似的数据转换器量化噪声规律，
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The worst-case quantization sidelobes occur when the maximum quantization 
error occurs across the aperture, when every other element is at zero error, and 
the neighbor is at LSB/2. This represents both the maximum possible quantiza-
tion error and the maximum periodicity of the error across the aperture. This 
condition is shown for the 2-bit, 30-element case in Figure 8.
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This situation occurs at predictable beam angles as shown in Equation 3.
±n

2BITS (3)θMAX QSLL = sin–1 

where n < 2BITS

times between horizons, at ±14.5° and ±48.6°. Figure 9 shows the antenna pattern 
for this system for n = 1, q = +14.5°. Note the substantial –7.5 dB quantization 
sidelobe at –50°.
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Figure 9. Worst-case antenna quantization sidelobes: 2 bits, n = 1, 30 elements. 

At beam angles other than the special cases where the quantization error is 
sequentially 0 and LSB/2, the rms error is reduced as it is spread across the 
aperture. In fact, for the angle equation (Equation 3) for even values of n, the 
quantization error is zero. If we plot the relative level of the highest quantization 
sidelobe for various phase shifter resolutions, some interesting patterns emerge. 
Figure 9 shows the worst-case QSLL for a 100-element linear array, employing a 
Hamming taper so that the quantization sidelobes can be differentiated from the 
classical windowing sidelobes discussed earlier in this section.

Note that at 30°, all quantization error goes to zero, which can be shown to be 
a consequence of sin(30°) = 0.5. Notice that the beam angle of the worst-case 
level for any particular n-bit phase shifter exhibits zero quantization error at any 
higher resolution n. The beam angles for worst-case sidelobe levels described 
here can be seen, as well as the 6 dB improvement in QSLL per bit of resolution.
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The maximum quantization sidelobe levels, QSLL, for 2-bit to 8-bit phase shifter 
resolutions are shown in Figure 11, which follows the familiar quantization noise 
law for data converters,

(4)QSLL α  20 log10 2–BITS

or about 6 dB per bit of resolution. At 2 bits, the QSLL levels are about –7.5 dB, 
higher than the classical +12 dB for a data converter sampling a random signal. 
This discrepancy can be viewed as a consequence of the periodically occurring 
sawtooth error being sampled across the aperture, where the spatial harmonics 
add in phase. Note that the QSLL is not a function of the aperture size. 
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或每位分辨率约6 dB。在2位时，QSLL电平约为-7.5 dB，高于数据转

换器进行随机信号采样时经典的+12 dB。这种差异可以视为在孔径

采样时周期性出现的锯齿误差导致的结果，其中空间谐波会

增加相位。注意QSLL与孔径大小不呈函数关系。
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总结
我们现在可以总结出天线工程师面临的与波束宽度和旁瓣

相关的一些挑战：

�  角度分辨率需要窄波束。窄波束需要大孔径，这又需要许多

元件。此外，波束在背离瞄准线时会变宽，所以需要额外的元

件，以在扫描角度增大时保持波束宽度不变。

�  似乎可以通过增大元件间隔来扩大整个天线区域，而无需额

外增加元件。此举可以让波束变窄，但是，很遗憾，如果元件

分布不均，会导致产生栅瓣。可尝试通过减小扫描角度，同时

采用有意随机显示元件方向图的非周期阵列，来利用增加的

天线区域，同时最大限度减少栅瓣问题。

�  旁瓣是另一个问题，我们已知可以通过将阵列增益朝向边缘

逐渐减小来解决。但是，这种锥削以波束变宽为代价，又会需

要更多元件。移相器分辨率会导致出现量化旁瓣，在设计天

线时也必须加以考虑。对于采用移相器的天线，波束斜视现

象会导致角位移与频率相互影响，从而限制高角度分辨率下

可用的带宽。

以上就是有关相控阵天线方向图全部三个部分的内容。在第一部

分中，我们介绍波束指向、阵列因子和天线增益。在第二部分中，

我们讨论栅瓣和波束斜视的缺点。在第三部分中，我们讨论锥削

和量化误差。本文不是针对精通电磁和辐射元件设计的天线

设计工程师，而是针对在相控阵领域工作的大量相邻学科的工

程师，这些直观的解释，将有助于他们理解影响整个天线方向

图的性能的各种因素。
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Closing Comments
We can now summarize some of the challenge’s antenna engineers face relative 
to beamwidth and sidelobes:

 � Angular resolution requires a narrow beam. A narrow beam requires a large 
aperture, which requires many elements. Furthermore, the beam widens 
when steered off boresight, so extra elements are required to maintain the 
beamwidth as scan angles increase.

 � It may seem possible to increase the element spacing to increase the overall 
antenna area without adding extra elements. This would narrow the beam, 
but, unfortunately, introduces grating lobes if the elements are uniformly 
spaced. Reduction of scan angle, along with aperiodic arrays implement-
ing an intentionally randomized element pattern, can be explored to exploit 
increased antenna area while minimizing the grating lobe issue.

 � Sidelobes are another problem, which we learned can be mitigated by taper-
ing the gain of the array toward the edges. However, tapering comes at the 
expense of widening the beam, again requiring more elements. Phase shifter 
resolution can introduce quantization sidelobes that also must be factored 
into the antenna design. For antennas implemented with phase shifters, the 
beam squint phenomenon causes an angular shift vs. frequency limiting the 
bandwidth available for a high angular resolution.

This concludes a three-part series on phased array antenna patterns. In Part 1, 
we introduced beam pointing, array factor, and antenna gain. In Part 2, we intro-
duced imperfections of grating lobes and beam squint. In Part 3, we discussed 
tapering and quantization errors. The intention is aimed not for antenna design 

large number of engineers in adjacent disciplines working on phased arrays who 

overall antenna pattern performance.
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Closing Comments
We can now summarize some of the challenge’s antenna engineers face relative 
to beamwidth and sidelobes:

 � Angular resolution requires a narrow beam. A narrow beam requires a large 
aperture, which requires many elements. Furthermore, the beam widens 
when steered off boresight, so extra elements are required to maintain the 
beamwidth as scan angles increase.

 � It may seem possible to increase the element spacing to increase the overall 
antenna area without adding extra elements. This would narrow the beam, 
but, unfortunately, introduces grating lobes if the elements are uniformly 
spaced. Reduction of scan angle, along with aperiodic arrays implement-
ing an intentionally randomized element pattern, can be explored to exploit 
increased antenna area while minimizing the grating lobe issue.

 � Sidelobes are another problem, which we learned can be mitigated by taper-
ing the gain of the array toward the edges. However, tapering comes at the 
expense of widening the beam, again requiring more elements. Phase shifter 
resolution can introduce quantization sidelobes that also must be factored 
into the antenna design. For antennas implemented with phase shifters, the 
beam squint phenomenon causes an angular shift vs. frequency limiting the 
bandwidth available for a high angular resolution.

This concludes a three-part series on phased array antenna patterns. In Part 1, 
we introduced beam pointing, array factor, and antenna gain. In Part 2, we intro-
duced imperfections of grating lobes and beam squint. In Part 3, we discussed 
tapering and quantization errors. The intention is aimed not for antenna design 

large number of engineers in adjacent disciplines working on phased arrays who 

overall antenna pattern performance.

References 
Balanis, Constantine A. Antenna Theory, Analysis and Design. Third edition.  
Wiley, 2005.

Mailloux, Robert J. Phased Array Antenna Handbook. Second edition. Artech 
House, 2005.

O’Donnell, Robert M. “Radar Systems Engineering: Introduction.” IEEE, June 2012.

Skolnik, Merrill. Radar Handbook. Third edition. McGraw Hill, 2008.

About the Author
Peter Delos is a technical lead in the Aerospace and Defense Group at Analog Devices in Greensboro, NC. He received his B.S.E.E. 
from Virginia Tech in 1990 and M.S.E.E. from NJIT in 2004. Peter has over 25 years of industry experience. Most of his career has 
been spent designing advanced RF/analog systems at the architecture level, PWB level, and IC level. He is currently focused on 
miniaturizing high performance receiver, waveform generator, and synthesizer designs for phased array applications. He can be 
reached at peter.delos@analog.com.

About the Author
Bob Broughton started at Analog Devices in 1993 and has held positions as a product engineer and an IC design engineer, and is 
currently the director of engineering in the Aerospace and Defense Business Unit. Prior to ADI, Bob worked at Raytheon as an RF 
design engineer and at Peregrine Semiconductor as an RFIC designer. Bob graduated with a B.S.E.E. from West Virginia University 
in 1984. He can be reached at bob.broughton@analog.com.

About the Author

phased array radar. He received his B.S.E.E. from Rose-Hulman and his M.S.E.E. from Arizona State University. He has nine patents 
issued, six with ADI, and one currently pending. He can be reached at jon.kraft@analog.com.

作者简介

Peter Delos是ADI公司航空航天和防务部的技术主管，在美国北卡罗莱纳州格林斯博罗工作。他于1990年
获得美国弗吉尼亚理工大学电气工程学士学位，并于2004年获得美国新泽西理工学院电气工程硕士

学位。Peter拥有超过25年的行业经验。其职业生涯的大部分时间花在高级RF/模拟系统的架构、PWB和IC
设计上。他目前专注于面向相控阵应用的高性能接收器、波形发生器和频率合成器设计的小型化工作。 
联系方式：peter.delos@analog.com。

VISIT ANALOG.COMFor regional headquarters, sales, and distributors or  
to contact customer service and technical support,  
visit analog.com/contact.

Ask our ADI technology experts tough questions, browse 
FAQs, or join a conversation at the EngineerZone Online 
Support Community. Visit ez.analog.com.

©2020 Analog Devices, Inc. All rights reserved.  
Trademarks and registered trademarks are  
the property of their respective owners.

Closing Comments
We can now summarize some of the challenge’s antenna engineers face relative 
to beamwidth and sidelobes:

 � Angular resolution requires a narrow beam. A narrow beam requires a large 
aperture, which requires many elements. Furthermore, the beam widens 
when steered off boresight, so extra elements are required to maintain the 
beamwidth as scan angles increase.

 � It may seem possible to increase the element spacing to increase the overall 
antenna area without adding extra elements. This would narrow the beam, 
but, unfortunately, introduces grating lobes if the elements are uniformly 
spaced. Reduction of scan angle, along with aperiodic arrays implement-
ing an intentionally randomized element pattern, can be explored to exploit 
increased antenna area while minimizing the grating lobe issue.

 � Sidelobes are another problem, which we learned can be mitigated by taper-
ing the gain of the array toward the edges. However, tapering comes at the 
expense of widening the beam, again requiring more elements. Phase shifter 
resolution can introduce quantization sidelobes that also must be factored 
into the antenna design. For antennas implemented with phase shifters, the 
beam squint phenomenon causes an angular shift vs. frequency limiting the 
bandwidth available for a high angular resolution.

This concludes a three-part series on phased array antenna patterns. In Part 1, 
we introduced beam pointing, array factor, and antenna gain. In Part 2, we intro-
duced imperfections of grating lobes and beam squint. In Part 3, we discussed 
tapering and quantization errors. The intention is aimed not for antenna design 

large number of engineers in adjacent disciplines working on phased arrays who 

overall antenna pattern performance.
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