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Abstract：In this paper，an improved direct extraction method to extract the model parameters in InP heterojunc⁃
tion bipolar transistor（HBT）small-signal equivalent circuit is presented and successfully applied to small-signal
equivalent circuit of InP HBT. The distributed base-collector capacitance effect is taken into consideration in the
adopted model. The extracting process of this method，which extracts parameters in turn from the peripheral para⁃
sitic elements to the intrinsic internal elements，is clearer than other direct extraction methods. Except for the para⁃
sitic parameters，all other parameters are calculated without any simplified approximation. This method relies on
S parameters measurement. All of the equivalent circuit parameters are extracted directly from the S parameters
without using approximations based on initial values. The direct extraction method is successfully validated on
InP HBT in the frequency range of 0. 1 ~ 40 GHz，and excellent agreement is achieved between the measured and
calculated S parameters over the whole frequency range.
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一种改进的 InP HBT小信号模型的直接提取法

戚军军 1， 吕红亮 1*， 张玉明 1， 张义门 1， 张金灿 2
（1. 西安电子科技大学微电子学院，宽禁带半导体技术国防重点学科实验室，陕西 西安 710071；

2. 河南科技大学电气工程学院，河南 洛阳 471023）
摘要：提出了一种改进的直接提取方法来提取 InP HBT小信号等效电路中的模型参数，并将其成功地应用 InP
异质结双极晶体管（HBT）小信号等效电路。在所采用的模型中考虑了分布式基极-集电极电容效应。与其他

直接参数提取方法相比，该方法从外围寄生元件到内部本征元件依次进行参数提取，提取过程较为清晰。除

寄生参数外，其余所有的参数计算均未经过任何简化近似。该方法依赖于 S参数的测量，所有等效电路参数

直接从 S参数数据中提取，而无需任何基于初始值的近似。在 0.1 ~ 40 GHz的频率范围内，直接提取法在 InP
HBT上得到了成功的验证，并在整个频率范围内得到了较好的测量结果与计算结果的一致性。
关 键 词：直接提取法；磷化铟异质结双极型晶体管；小信号模型；参数提取

中图分类号：TN385 文献标识码：A

Introduction
Owing to the characteristics of high-speed and high-

frequency，InP HBT has been one of the most promising
devices for future applications at microwave and millime⁃
ter-wave frequencies［1-3］. Small-signal model is the foot⁃
stone of the entire transistor microwave model［4］，and
therefore accurate InP HBT device model is of great sig⁃

nificance for the development of microwave and millime⁃ter-wave integrated circuits.With scaling down transistors’size，in general，thestructure of C-up HBT devices can ignore the extrinsicbase-collector capacitance because the extrinsic area cor⁃responding to the parasitic capacitance can be neglect⁃ed［5］. Compact with the C-up devices，the E-up deviceshave a larger extrinsic area and need to consider the dis⁃
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tributed base-collector capacitance effect. The effect isrepresented by extrinsic and intrinsic capacitances. Byconsidering the effect，not only can this more clearlycharacterize the physical meaning of the base-collectorcapacitance，but it can further improve the model tomake the model more accurate. In Ref.［6］，althoughthe authors have considered the effect in small-signalequivalent circuits，the calculation process is complicat⁃ed and the calculation amount is too large. In Ref.［7，8］，the approximations used in the extraction processleads to inaccurate parameter extraction.In recent years，many methods that extract smallsignal model parameters have been reported，mainly in⁃cluding direct extraction method ［2-4，6-8］ and numerical op⁃timization method［9-10］. The numerical optimization meth⁃od uses numerical methods to locate the optimal parame⁃ter values，and finally obtains simulated results withgood fitting characteristics to the measured results. Nev⁃ertheless，the method depends on parameters’initial val⁃ue and may not even converge. With the direct extractionmethod，each parameter of the equivalent circuit couldbe extracted using equations. However，the disorganizedextraction process makes the direct extraction methodvery computationally intensive and complicated. In Ref.
［4，6-7］，although the authors used some simplified ap⁃proximations，they also obtained more complex parame⁃ter expressions.In order to overcome these difficulties，an improveddirect extraction method for InP HBT small-signal modelis proposed. This method in turn extracts the parametersof small-signal equivalent circuit from the peripheral ele⁃ments to the internal elements. Compact with the otherdirect extraction methods，the method has clear extrac⁃tion process，simple calculation of parameters，and fewapproximations calculation.
1 Small-signal equivalent circuit model

The adopted hybrid- π equivalent circuit for HBTsmall-signal modeling is shown in Fig. 1. This equivalentcircuit includes two parts，i. e.，the inner part containsintrinsic elements，and the outer part contains extrinsicelements［11］. In this model，Cpbc、Cpbe and Cpce are pad par⁃asitic capacitances，Lc、Le and Lb are pad parasitic induc⁃tances，Rc，Rband Re are extrinsic resistances of collec⁃tor，base，and emitter，respectively. These extrinsic ele⁃ments are considered to be bias independent.Intrinsic elements are supposed to be bias depen⁃dent，mainly including the dynamic base resistance Rbi，the dynamic base-emitter resistance Rbe，the base-emittercapacitance Cbe，the base-collector capacitance Cbc，thedynamic base-collector resistance Rbc，DC transconduc⁃tance gm0 and delay time τ. Besides，Cbcx is extrinsicbase-collector capacitance，and it is considered to be bi⁃as independent.
2 Parameter extraction procedure
2. 1 Extraction of parasitic parameters and the ex⁃
trinsic resistancesPad parasitic parameters consist of parasitic capaci⁃

tances and inductances which are extracted by the Open
Test Structure and the Short Test Structure［12］，respec⁃
tively. The extrinsic resistances are extracted by the
open-collector method［13］，and the equivalent circuit dia⁃
gram is illustrated in Fig. 2.

The Z-parameters of the open-collector equivalent
circuit in Fig. 2 is written as

Z11 = Rb + Rbi + Rbe

1 + gm ⋅ Rbe

, （1）

Z12 = Re + Rbe

1 + gm ⋅ Rbe

, （2）

Fig. 1 HBT small-signal equivalent circuit
图1 HBT小信号等效电路

Fig. 2 open-collector equivalent circuit
图2 集电极开路等效电路

Fig. 3 Plots of the real part of Z11-Z12，Z22-Z12 and Z12 versus 1/Ib

图3 Z11-Z12，Z22-Z12 和 Z12的实部与1/Ib的关系图

296



3期 QI Jun-Jun et al：An improved direct extraction method for InP HBT small-signal model

Z21 = Re + (1 - gm ⋅ Rbe ) ⋅ Rbe

1 + gm ⋅ Rbe

, （3）

Z22 = Rc + Re + (1 + Rbc

Rbe

) ⋅ Rbe

1 + gm ⋅ Rbe

, （4）
Rbe = ηbeKTqIbe

, （5）
Rbc = ηbcKTqIbc

. （6）
When Ib approaches ∞，Rbe and Rbc become very small atapproximately 0 because the junction resistance and thejunction current are inversely proportional. Moreover，with the increasing of the base current Ib，the total resis⁃tance of the base gradually approaches the base contactresistance［13］，i. e.，Rb + Rbi ≈ Rb. Therefore，the intrin⁃sic resistances Rb、Re and Rc can be obtained（taking thereal part of the Z parameter to indicate the resistance val⁃ue which makes the extraction result more accurate）：

Rb = real (Z11 - Z12 ) , （7）
Re = real (Z12 ) , （8）

Rc = real (Z22 - Z12 ) . （9）
The relationship between real（Z11-Z12），real（Z22-Z12）andreal（Z12）and 1/Ib is linearly extrapolated to the ordinateto obtain the values of Rb，Rc and Re，as shown Fig. 3［14］.The extraction values of the bias-independent elementsare tabulated in Table 1.

2. 2 Extraction of the extrinsic base-collector ca⁃
pacitanceOnce all the parasitic elements are de-embedded，only the extrinsic base-collector capacitance Cbcx and theintrinsic elements（inside the dashed line）are remainedin the equivalent circuit，as shown in Fig. 4. To over⁃come the problem of unclear parameter extraction pro⁃cess，we need to extract sequentially from the externalcircuit to the internal circuit，that is，we need to extract
Cbcx first. However，the intrinsic equivalent circuit of thesmall signal equivalent circuit needs to be analyzed firstbefore extracting the extrinsic base-collector capacitance.The Z-parameters of the equivalent circuit after de-embedding in Fig. 4，is written as

[ Z ] = ( )Z11 Z12
Z21 Z22

=
æ

è

ç

ç

ç
çç
ç

ö

ø

÷

÷

÷
÷÷
÷

gmZbeRbi + Zbe + Rbi + DYbcx
A

Zbe + DYbcx
A

Zbe + DYbcx - ZbcZbe gm
A

Zbe + Zbc + DYbcx
A

,（10）

where D = Zbc ⋅ Zbe + Rbi ⋅ Zbc + Zbe ⋅ Rbi， A = (1 +
gmZbe ) [1 + Ybcx (Rbi + Zbc ) ]，Zbe = Rbe

1 + jωRbeCbe， Zbc =
Rbc

1 + jωRbcCbc，Ybcx = jωCbcx，and gm = gm0e
- jωτ

From（10），the dynamic base resistance Rbi can beexpressed as
Rbi = ( )ZΔ

1 - Ybcx ( )ΣZ , （11）

where ΣZ = Z11 + Z22 - Z12 - Z21 = Zbc + Rbi
1 + Ybcx (Zbc + Rbi )， and

Z△= Z11 - Z12 = Rbi
1 + Ybcx (Zbc + Rbi )The extrinsic base-collector capacitance can be ex⁃pressed by taking the imaginary part of equation（11）equal to 0 as

Cbcx = 1ω
-imag ( )ZΔ

imag ( )ZΔ imag ( )ΣZ + real ( )ZΔ real ( )ΣZ ,（12）

Table 1 Extraction of extrinsic parameters values
表1 非本征参数的提取结果

parasitic parameters
Cpbc/fF
Cpbe/fF
Cpce/fF
Lb/pH
Lc/pH
Le/pH
Re/Ω
Rb/Ω
Rc/Ω

Vce=2. 5 V，Ic=12. 5 mA
2. 62
15. 60
16. 20
52. 25
57. 75
8. 88
4. 27
1. 77
7. 31

Fig. 4 equivalent circuit after de-embedding off parasitic ele‐
ments
图4 剥离寄生参数后的等效电路图

Fig. 5 ωCbcx versus frequency
图5 ωCbcx随频率变化的关系图
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Fig. 5 shows the extracted result as a function of frequen⁃cy for ωCbcx at Vce=2. 5V，Ic=12. 5mA.
2. 3 Extraction of the intrinsic elementsOnce the parasitic elements and extrinsic base-col⁃lector capacitance is de-embedded，the remaining intrin⁃sic elements of the small signal equivalent circuit modelcan be directly determined. The Z-parameter correspond⁃ing to the intrinsic circuit can be written as

[Z in ] = ( )Z in,11 Z in,12
Z in,21 Z in,22

=
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è

ç
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÷

÷
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÷
Rbi + Zbe

1 + gmZbe
Zbe

1 + gmZbe
Zbe - gmZbeZbc
1 + gmZbe

Zbe + Zbc
1 + gmZbe

. （13）
From（13），the intrinsic base resistance Rbi can be ex⁃pressed as

Rbi = real (Z in,11 - Z in,12 ) . （14）
Fig. 6 shows the extracted result as a function of frequen⁃cy for Rbi at Vce=2. 5V，Ic=12. 5mA. Then de-embed off
Rbi and get a new small signal equivalent circuit，asshown in Fig. 7.

The Y parameter of the corresponding equivalent cir⁃cuit（Fig. 7）could be expressed as

[Y int ] = ( )Y int,11 Y int,12
Y int,21 Y int,22

=
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1
Zbe

+ 1
Zbc

- 1
Zbc

- 1
Zbc

+ gm 1
Zbc

.（15）

From（15），the intrinsic elements can be expressed as
Rbc = - 1

real ( )Y int,12
, （16）

Cbc = - imag ( )Y int,12
ω

, （17）
Rbe = 1

real ( )Y int,11 + Y int,12
, （18）

Cbe = imag ( )Y int,11 + Y int,12
ω

, （19）
gm0 = mag (Y int,21 - Y int,12 ) , （20）

τ = -1
ω
tan-1 ( imag ( )Y int,21 - Y int,12

real ( )Y int,21 - Y int,12 ) . （21）

3 Results and discussion
A hybrid-π small-signal equivalent circuit with dis⁃tributed base-collector capacitance effect was adopted tostudy the microwave and millimeter-wave behavior of theInP HBT. An improved direct extraction method hasbeen established to accurately extract the small-signal pa⁃rameters. The improved method extracts parameters fromthe peripheral circuit to the internal circuit and gives aclearer solution process. Extraction results of small sig⁃nal equivalent circuit are depicted in table 2，for biaspoints.

Fig. 8 shows the calculated S-parameters of thesmall-signal equivalent circuit of the HBT including thedistributed base-collector capacitance with the measureddata. The comparison shown in Fig. 8 demonstrates agood agreement from 0. 1 ~ 40. 0 GHz，which also veri⁃fies the validity of the model and extraction techniques.However，the Smith plots of S parameters do notclearly reflect agreement of fit between measured and cal⁃culated data. The residual error between the measured

Fig. 6 Rbi versus frequency
图6 Rbi随频率变化的关系图

Fig. 7 the equivalent circuit of de-embedding Rbi

图7 剥离Rbi后的等效电路图

Table 2 Extraction of Intrinsic Parameters at Vce=2.5V
表2 本征参数在Vce=2.5V时的提取结果
Intrinsic pa⁃
rameters
Cbcx/fF
Rbi/Ω
Rbe/Ω
Rbc/Ω
Cbc/fF
Cbe/fF
gm0/S

Ic=2. 5mA
49. 21
36. 22
2497. 68
1. 90×104
32. 03
145. 30
0. 08

Ic=12. 5mA
35. 60
8. 32
121. 02
2. 66×104
18. 26
718. 85
0. 60

Ic=22. 5mA
58. 31
2. 45
113. 50
1. 04×104
16. 59
915. 30
1. 19
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results and the calculated results are quantified using thefollowing equation［16］

E = 1
4N∑i,j = 1

2 ∑
k = 1

N || Smij ( fk ) - Scij ( fk )
max ij ( || Smij ( fk ) )

, （22）
where N is the number of frequency points，Sijm（fk）and
Sijc（fk）are the measured and calculated S-parameters atfrequency fk，respectively. The residual errors betweenthe measured and modeled S-parameters are around 3. 3~3. 8%.
4 Conclusion

An improved direct extraction method for the hybrid-π small-signal equivalent circuit with the base-collectorcapacitance effect has been proposed. The extracting pro⁃

cess of this method，which extracts parameters in turnfrom the peripheral parasitic elements to the intrinsic in⁃ternal elements，is clearer than other direct extractionmethods. Furthermore，this method can extract all intrin⁃sic parameters directly by the equation without approxi⁃mation and numerical optimization. Good agreement isobtained between calculated and measured results for anInP HBT with 1×15 μm2 emitter area over a wide range ofbias points up to 40GHz.
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