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摘要

本國家時間與頻率標準實驗室係由經濟部標準檢驗局所委託，負責建立及維持台灣地區標準頻率與時間源，並將本國標準時頻信號經由國際間傳時鏈路傳送至BIPM以參與國際原子時及世界協調時的計算。GPS載波相位時頻傳送為目前廣受矚目的時頻比對技術，而其關鍵技術主要在於GPS載波相位分析方法。本次由瑞士伯恩大學所舉辦的GPS載波相位資料分析研習，研習內容主要是以伯恩大學所開發的GPS資料分析軟體Bernese GPS V4.2為主體，配合實際上機操作演練，以熟悉GPS載波相位資料分析的原理及背景知識，研習時程含交通時間共計九天。課程安排共計五天內容由淺而深逐步進行，包含程式人機界面簡介、程式及資料結構組成、資料前置處理程序、參數解算程序以及程式自動化程序等，並在適當時間安排實作課程以熟悉上課內容及實際操作流程，課程內容對於建立本所自動化分析平台及日後進行GPS載波相位資料分析有極大的助益。
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1、 目的

本國家時間與頻率標準實驗室係由經濟部標準檢驗局所委託，負責建立及維持台灣地區標準頻率與時間源，並將本國標準時頻信號經由國際間傳時鏈路傳送至BIPM以參與國際原子時及世界協調時的計算。由BIPM所發布之國際間主要傳時鏈路如下圖一所示：
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圖一：國際傳時鏈路示意圖

此類鏈路之建立均有賴於衛星信號之連接，廣被採用之衛星可分為導航衛星及同步通信衛星兩類，下圖二及三分別為採用導航衛星及同步衛星之系統架構。由於科學技術日新月異，各國家實驗室標準頻率源所能達到的精度隨之提高，因此傳時系統所需求之精確度亦需精進方能正確進行國際間比對，而在諸多研究中廣受注意之新技術即為GPS載波相位傳時技術。此項技術沿用過去所採用的GPS導航衛星，更採用一般僅使用於測量界的載波相位觀測量來提高導航衛星傳時系統所能達到的精確度，而此項研究之關鍵技術即為載波相位觀測量之分析方法，唯有在考慮諸多變因如衛星軌道及時鐘誤差修正、大氣模型建立、相對論效應修正、衛星姿態效應、地理觀測站位置偏移效應等修正項後，方能使載波相位分析之不確定度達到奈秒以內。目前已有BIPM及IGS所組成的BIPM-IGS Pilot Project專門進行此類分析研究工作，而國際上較為知名的分析軟體為瑞士伯恩大學所發展的Bernese、美國MIT的GAMIT/GLOBK及美國JPL所發展的GIPSY-OASIS II三套分析軟體。本室為了進行相關研究，已完成Bernese軟體安裝及測試，並於每天進行資料分析，分析之實驗室包括了美國AMC2及USNO，英國NPL、德國PTB、日本CRL以及本所TL，以作為本所日後建立相關系統之比較基礎。而此次參與GPS載波相位資料研習正是為了增進職等相關知識，以期達到建立同等研究水準之必要訓練課程。
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圖二：導航衛星傳時系統
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圖三：同步通信衛星傳時系統

2、 過程

本次研習課程內容係以GPS載波相位分析為主軸，配合瑞士伯恩大學所發展的Bernese軟體進行講解，以期受訓學員能通盤了解如何進行相關GPS資料分析工作及其背景原理。本次研習課程共計五天，上課行程如附錄所示，內容包括程式人機界面簡介、程式及資料結構組成、資料前置處理程序、參數解算程序以及程式自動化程序等。此套軟體可應用於大地測量、長基線定位解算、對流層及電離層模型建立、衛星管道計算及地球旋轉參數估測以及本室所關切的鐘差計算及時間傳送。以下將依上課流程簡介本次研習內容。

第一天進行的課程主要是介紹本軟體的標準操作程序，包括了選單介面的運作、程式及資料結構、專案的建立及資料匯入工作等，當課程結束後並實際以範例資料要求學員操作以增進實作能力並可用來進行日後分析使用。在選單介面的介紹內容中，主要是說明整體程式的操作介面以及各項功能的所在位置，由於本程式包含了上百個子程式以完成各項工作，所以在選單的製作及整理上需格外的注意以達到使用時的便利，下圖四為本程式的起始選單。此軟體主要包含五大部分，分別為資料轉換(Transfer Part)、軌道計算(Orbit Part)、參數運算處理(Processing Part)、資料模擬(Simulation Part)及輔助程序(Service Part)，此外亦建構了自動處理程序(Bernese Processing Engine; BPE)用以自動進行資料運算，降低資料處理人員工作負擔。
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圖四：Bernese軟體起始選單畫面

在程式及資料結構部分，可以下圖五及六分別說明。圖五為程式結構部分，依其功能可分為主程式部分(PGM)，函式庫部分(LIB)及軟體相關檔案部分(GPS42)。此外程式亦依其目的整合至選單中，如起始選單中的2~5項，但資料模擬部分並未整合至選單系統中。在資料結構中，系統將資料分為一般檔案(general files)、專案特定檔案(campaign-specific files)、使用者特定檔案(user-specific files)及暫存檔案(temporary files)四類，可分別對應到圖六所示分類，使用者可根據所需檔案分類特性而在對應之目錄中找到所需檔案資料。
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圖五：Bernese軟體程式結構圖
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圖六：Bernese軟體資料結構圖

本程式操作時是以專案為主體進行分析，換言之，不同使用者可以存取相同的資料，因此目錄的建立以及標準資料的交換均需要有相同的格式，使用者可利用起始選單中第1項的功能協助建立專案並產生專案所需之必要檔案。在原始分析資料的匯入部分，標準的GPS資料格式稱為RINEX格式，系統需通過起始選單中2項部分程式轉換資料成為二進位格式檔案並同時對資料進行查驗，待資料轉換成功後才可進行分析步驟。

在第二天的課程為衛星軌道計算及資料前處理程式兩部分。衛星軌道計算流程可分為兩類，第一類是以接收機所獲得的衛星廣播星曆進行運算，此資料以RINEX格式記載，故需先以資料轉換程式進行運算，再配合軌道產生程式估測各時間點的衛星位置，標準程式流程為圖七中左半部的部分。第二類是以後處理資料所獲得的精確星曆為基礎，需至特定網站下載精確星曆檔，再配合圖七中右半部的流程進行衛星位置估測，各種不同軌道相對應的誤差估測如圖八所示。

圖九為Bernese軟體進行資料分析及參數解算的標準流程，其中GPSEST函數為進行參數解算的主體程式，為了使GPSEST程式能得到最佳運算結果，必須先執行相關的資料前處理程式，可去除如接收機內部振盪器誤差或周波脫落等影響，並將錯誤資料標註記號以免誤用，待完成此類前置處理後，方能以GPSEST函數解算參數值。
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圖七：衛星軌道計算流程圖
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圖八：軌道誤差對照圖
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圖九：程式參數運算流程圖

第三天課程內容為參數解算函數GPSEST的輸入部分，包含接收機觀測資料輸入、電離層及對流層的誤差等部分。由於本軟體可進行電離層隨機誤差及對流層誤差的解算，亦可透過外部輸入資料及誤差模型降低大氣效應影響，唯有透過適當的解算流程方能正確的獲得最佳的參數解。此外，在下午的時段中安排了軟體安裝課程，說明如何在PC Windows及Unix的環境下安裝Bernese軟體，並在Linux環境下提供一個免費的Fortran編譯器以便進行Linux版本安裝。由於此套軟體設計時是以Unix為主要平台，所以系統發展人員也建議以Unix/Linux為最佳工作環境。本所所建立的工作環境本為Windows 2000作業系統，但在實習後已順利將工作平台轉移至Linux上，程式自動化效能及環境相容度明顯較Windows 2000為佳，此為本次上課重點收穫之一。

在實習課程的第四天中便以參數解算為主要重點，其中包含兩個主要函式GPSEST及ADDNEQ。GPSEST函式用以解算諸如位置參數、周波未定量參數、電離層及對流層參數、衛星軌道及時鐘誤差等，通常每天可解算出一組最佳參數解。而ADDNEQ函式則是以每天所獲得的最佳解為基礎，可進一步解算在一定時間週期內的最佳解，並可配合周邊服務程式計算出每日所得最佳解間之轉換公式，進一步研究大地座標系統的變換。

最後一天的課程對本所研究最為重要，其中包括了自動處理程序BPE的設定及時間傳送分析專用的未差分觀測量。在上課講義中包括此部份資料的原理概說節錄至附錄中以供參考，講義為軟體的操作手冊，全文可從其網站中下載。在BPE程式的設定中，主要關鍵在於如何配合系統自動進行檔名代換及批次運算，並配合使用者所建構的分析網路大小進行資料平行處理以降低解算時間，尤其以Unix/Linux平台上具有最佳的系統彈性，可以發揮最佳的效能進行資料分析。而在時間傳送上的未差分觀測量是在一般使用時較不被採用的做法，由於在觀測量中含有較多的誤差成分，如何進行精確的誤差消除程序為其重點，但唯有此法方能正確求得接收機時鐘誤差，進而達到利用GPS載波相位進行時頻傳送的目的。依據本日的課程內容，本所已架構完成自動分析平台定期分析資料，對工作及研究均有極大助益。

在操作本套軟體進行GPS載波相位資料分析時，最令初學者感到困擾的便是諸多參數的設定。由於此套軟體之功能強大且相關應用領域眾多，故為求提高系統彈性，許多參數的設定需依使用者的需要自行設定，甚至有些參數需透過程式原始碼的修改方能完成。此次訓練課程主辦單位亦根據此點提供學員充分操作時間以熟悉各項參數，並從旁指導並說明各項參數意義，對於系統操作的初學者具有相當大的幫助，令使用者能確實瞭解系統操作流程，此點亦對日後工作有極大的幫助。

3、 心得

參與本次研習的學員來自各項學門領域，包含測量、天文觀測、大氣傳播延遲、低軌道衛星研究、GPS校正及時頻應用等。台灣地區另有工研院量測中心同仁參與。本次上課內容充實，對相關工作及研究極有助益，茲將重點節錄如下。

1. 可建立本所時頻標準件觀測系統：

本所負責台灣地區時間頻率標準的維持及參與國際間時頻比對的實驗，為求增進本實驗室的品質監控水準，實有必要建立一套以GPS載波相位為基礎的時頻觀測系統，定期觀測本所頻率源品質並與國際間各主要時頻實驗室進行比對。由於GPS共視法受限於系統所能達到的精度，而衛星雙向傳時技術則需考慮通信衛星租用費用及其他各國實驗室是否有能量與本實驗室進行衛星信號連接，此兩種技術都不適用於建立本室標準觀測系統。目前各主要國際時頻實驗室皆已架構完成GPS傳時接收機，並參與相同國際組織IGS進行資料交換，故以GPS載波相位架構本所時頻觀測系統極為可行。本所已於去年加入IGS組織，如今亦以此套分析系統架構完成自動分析平台，固定分析本所TL與美國AMC2、USNO、英國NPL、德國PTB、日本CRL間頻率信號，可有效觀測本所與其他時頻實驗室間時頻品質並與其他技術所得結果進行相互驗證工作。

2. 提高本所GPS載波相位資料分析能力

由於此套軟體所得精度極高亦為國際間廣被採用及承認的軟體，使用本程式所得的分析結果適足以成為本所自行發展相關能力的比較基礎，而此程式所使用的模型及參數亦可成為本所進行測試環境的平台，可有效節省未來的研究開發時間並提高本所成果可信度。

3. 架構遠距頻率校正系統分析平台

本室已在推廣遠距頻率校正系統，其主要核心技術即為GPS載波相位觀測分析，由於此套軟體具有國際性的公信力，可作為本所分析數據時的主要參考軟體，提高本所自製系統的可信度及資料分析之精確度。

4、 建議

瑞士伯恩大學發展此套GPS分析軟體已長達20年，程式功能齊備。而在本室的應用中，接收機時頻參數的計算為重點項目，可藉由觀摩他人經驗迅速提高本室相關領域分析知識，加快本室開發相關技術的進度。

伯恩大學所負責的CODE GPS資料分析中心為國際組織IGS之主要分析中心之一，亦負責整合IGS其他分析中心資料產生IGS最終產品提供GPS使用者使用。本室所架構的GPS觀測站已於今年起被CODE分析中心選為台灣地區的代表觀測站，資料除提供計算本室所維持的時頻標準品質外，亦提供國內外相關測量界及各項領域研究用，如工研院量測中心即以本所資料進行長基線校正分析，如何增進本所觀測站可信度及連續運轉性實屬必要。此外，本所一些其他相關GPS應用研究亦可透過本所觀測站的資料提高其定位品質，此類相關技術合作亦可提高本所在GPS應用上的競爭力，增加本室GPS觀測站的附加價值。

5、 其他相關事項

本所所架構的GPS觀測站站名為TWTF，每日提供前日資料至美國CDDIS Global Data Center，CDDIS FTP站網址為ftp://cddisa.gsfc.nasa.gov。自動分析系統架設在本室一台工業用電腦上，作業平台為Linux，系統定期分析兩天前的GPS觀測資料，分析輸出為GPS接收機時頻特性，選定的GPS觀測站包括AMC2(U.S.)，KGN0(Japan)，NPLD(U.K.)，NPLD(Germany)，TWTF(Taiwan)，及USNO(U.S.)。分析軟體為Bernese V4.2，軟體相關資料可參考其網站內容(www.aiub.unibe.ch)。

6、 附錄

實習行程表
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Rolf Dach (RD)  Adrain Jaggi (AT)  Markus Rothacher (MR)
Pierre Fridez (PF)  Michael Meindl (MM)  Claudia Urschl (cu)

Location: Lecture Room: B77 Terminal Room: A95 (large Sun Pool Room)

Monday, September 9

9:00 - 9:15 Welcome UH

9:15 - 10:15 General Introduction UH
10:30 - 11:30 Introduction to Menu System PF
11:30 - 12:00 Program Structure HB
12:00 - 12:30 Data Structure (1) UH
14:00 - 14:45 Data Structure (2) UH
14:45 - 1615 Campaign Setup SS
16:30 - 16:45 Data Import MM
16:45 - 17:00 Introduction to Terminal Sessions/Test Campaign PF
17:00 - 18:00 ‘Workshop at Terminals UH/HB/PF/MM
Tuesday, September 10

9:15 - 10:15 Orbit Programs UH
10:30 - 12:00 Preprocessing Programs (Part 1) MM
12:00 - 12:30 Service Programs AJ
14:00 - 15:30 Preprocessing Programs (Part 2) RD
15:45 - 18:00 ‘Workshop at Terminals HB/PF/CU/RD
19:00 - Social Event (dinner)

(Meeting point either in the Restaurant, or at 18:50 at Main Entrance)

‘Wednesday, September 11

9:15 - 1045 Parameter Estimation: General Aspects, Input Options (Part 1) SS
11:00 - 12:30 Parameter Estimation: Input Options (Part 2), Troposphere/Ionosphere SS
14:00 - 17:30 ‘Workshop at Terminals RD/MM/CU/HU/PF

Parallel in Lecture Room:

14:00 - 15:00 Installation on PC PF

15:30 - 16:30 Installation on Unix RD
17:40 - 21:00 Visit at the Laser Observatory in Zimmerwald UH

(Meeting Point: Main Entrance at 17:40)

Thursday, September 12

9:15 - 10:45 Parameter Estimation: Ambiguity Resolution SS
11:00 - 12:30 Normal Equation Stacking (ADDNEQ) UH
14:00 - 18:00 ‘Workshop at Terminals CU/UH/MR/MM
Friday, September 13

9:15 - 10:45 BPE (Part 1) RD
11:00 - 12:30 BPE (Part 2) and Zero-Difference Processing RD
14:00 - 15:00 Future Developments, Discussion and Closure UH

15:00 - 16:00 ‘Workshop at Terminals (facult.) RD/UH




GPS未差分載波相位觀測量標準處理程序原理(節錄程式操作手冊第16章第一節)
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Although the Bemese GPS Software is primarily focused on processing double-differenced GPS
observations, it is now also capable of processing undifferenced GPS observations. The two most
important reasons for this enhancement of our software are that processing undifferenced data gives
aceess to the satellite and receiver clocks and it allows for a so-called precise point positioning.

In principle the undifferenced or zero-differenced (ZD) processing can also be used for all “clas-
sical” applications of the Bemese GPS Sofiware like, ¢.g., coordinate estimation, saving of normal
equations, etc. We, however, advise you to use the double-difference (DD) approach for this because
that is the primary estimation procedure of the Bernese GPS Software. Furthermore, the undiffer-
enced processing currently does not support ambiguity resolution.

There are no fundamental differences between the results obtained using undifferenced or double-
differenced observations. There are, however, some practical differences. Compared to the DD ap-
proach the ZD approach has as disadvantage that the data cleaning is more difficult and that the
data cleaning algorithm implemented in the Bernese GPS Software is very dependent on the quality
of the code observations and it requires dual frequency code and phase observations. Furthermore,
the number of parameters which have to be estimated is relatively large, due to the additional clock
parameters. These clock parameters may be pre-climinated if the user is not interested in them.
The DD approach, as implemented in the Bemese GPS Sofiware, has as disadvantage that less ob-
servations are used compared to the ZD approach. This effect is insignificant for relatively dense
regional networks as mostly encountered today within the GPS technique. However, in laige but
sparse networks the reduction in the number of observations may be significant.

Additionally, the implementation of the undifferenced processing has allowed us to implement the
processing of Satellite Laser Ranging (SLR) data. Although we do not envision this to be something
that will be widely used, we will briefly describe how to process SLR observations using the Bermese
GPS Software.

The ZD approach using combined GPS/GLONASS stations does not work in Version 4.2 of Bernese
GPS Software. There is an offset between the GPS and GLONASS time frame which may differ up
to several hundreds of nanoseconds. This is still not handled in the software up to now.

16.1 Cleaning of Undifferenced Data

The main problem when processing undifferenced GPS data is to reliably and automatically detect
outliers and cycle slips in the observations. The data cleaning of differenced GPS data is much easier
because many common error sources may be removed by forming the differences, in particular
station and satellite clocks. However, several programs have been developed which seem to be
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reasonably successful in cleaning undifferenced GPS data. For the development of our automatic
editing algorithm for undifferenced GPS data we have taken an approach similar to that used by the
TurboEdit program [Blewitt, 1990].

Our algorithm, like the TurboEdit program, requires the use of dual frequency code and phase
observations. The major problem with this approach resides in the fact that it depends heavily on
the quality of the code observations. For TurboEdit the noise of the code observations is assumed
to be below 0.5 wide-lane cycles, i.e., 43 cm. This requirement is easily fulfilled if anti-spoofing
(AS) is not active. For most state-of-the-art geodetic receivers the noise of the code observations
under those conditions is at the 20 cm level. However, with AS active, the noise is significantly
larger because only C/A-code is available on the Ly frequency and the code on the Ly frequency is
reconstructed using either so-called cross-correlation or W-code tracking techniques [Ashjaee and
Lorenz, 1992].

The input to our program RNXSMT, which stands for RINEX SMooThing, is a single RINEX file.
The output is a RINEX file again, hopefully free from outliers and cycle slips. A summary of the
actions taken by the program is contained in the output. Each RINEX file is processed satellite by
satellite. The observations of each satellite are processed in four steps:

(1) Screening of the Melbourne-Wiibbena linear combination, Eqn. (9.28), for outliers and cycle
slips.

(2) In case cycle slips are detected in the first step, the geometry-free linear combination,
Eqn. (9.24), is checked in order to determine the size of the cycle slip on both frequencies.
This information can be used to connect the observations before and after the cycle slip. Cur-
rently only the smoothed code data pieces (arcs) may be “connected”. The phase observations
are never connected over a cycle slip; a new ambiguity is set up at the epoch of the detected
cycle slip.

(3) Screening of the difference between the code and phase ionosphere-free linear combinations,
Eqns. (9.19 and 9.20); ie., Ly — Ps. This screening is performed to remove bad observations
which were accepted in the Melbourne-Wiibbena screening.

(@) Smooth the code observations using the code and carrier phase data of the clean observation
arcs.

Below, each of these steps is discussed in detail. Additional information may also be found in
[Springer, 1999].

16.1.1 Data Screening Based on Melbourne-Wibbena Linear Combination

The Melbourne-Wiibbena combination eliminates the effects of the ionosphere, geometry, clocks
and the troposphere (see Eqn. (9.28)). Apart from the wide-lane ambiguity the remaining signal
should be pure noise, with an rms error of approximately 0.7 times the rms of the code observations
on the Ly frequency. If the noise of the Melbourne-Wiibbena combination has an mms error below
0.5 wide-lane cycles (43 cm) itis almost trivial to detect all cycle slips and outliers. Only very few
epochs are needed to estimate the wide-lane ambiguity, jumps and outliers can easily be detected. Of
course, only the difference between the cycle slips on the two frequencies is detected (n5 = ny—n2),
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Figure 16.1: Noise of the Melboume-Wiibbena combination under different AS conditions. Data of one sta-
tion (Wettzell, Germany) collected during two days in 1997 s shown.

see Eqn. (9.28). Note that in the very unlikely case where the integer number of cycle slips on the
two frequencies are identical (i.e., n1 = n2) no cycle slip will be detected (ns = 0).

However, under AS the noise of the Melbourne-Wibbena combination for most geodetic receivers
exceeds the rms of 0.5 wide-lane cycles. Figure 16.1 shows the effect of AS on the Melbourne-
‘Wiibbena combination. It shows a single pass of a single satellite (PRN 18) for the same station on
two different days. On the first day, day 40, 1998, AS was not activated. On the second day, day 60,
1998, AS was active. The different noise level on the two days is quite obvious. The beginning and
the end of the observation arc illustrate that for low elevations a much more pronounced increase of
the noise level is observed for “AS on” as compared to “AS off”. For low elevations it will thus be
more difficult to detect small outliers and cycle slips. It will be impossible to detect outliers of one
or two wide-lane cycles (86-172 ¢cm). Itis also interesting to note the shift in time of the observation
arc of this satellite. On day 40 the satellite was first tracked at approximately 1:30 hours, whereas
on day 60 the first data of the satellite were observed at approximately 0:10 hours. This is caused by
the 4 minute shift per day of the satellite—station geometry.

The only way to improve the reliability of screening data from one station is to generate as long
arcs as possible. So, instead of using a running average, as itis done in the TutboEdit algorithm, we
make the attempt to use all observations within one satellite pass. An arc is defined by specifying a
minimum number of observations and a maximum time for data gaps. Typical values are a minimum
of 10 data points per arc and a maximum of 3 minutes without observations before starting a new
arc.

After defining the arcs, the rms error of the observations in the arc is computed. If the rms exceeds
a user-specified maximum the observation arc is screened for cycle slips. In the cycle slip detection
the observation arc is split-up into two equally long parts. It is assumed that the part with the larger
1ms contains the cycle slip(s). Both parts are edited for outliers, using as outlier level four times the
1ms (40) of the cbservations in the arc with a maximum rms value specified by the user. In this step
outliers are only temporarily removed. The difference between the two (clean) parts is estimated and
the whole arc is connected using the estimated cycle slip. All points that were considered outliers
during the cycle-slip detection are included again. The mms is recomputed to check whether there
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are mote cycle slips in this observation arc.

After the detection of all cycle slips, the observations are screened for outliers. Outliers are removed
until the ms of the observation arc is below the specified maximum. Outliers are those points which
exceed a value of 4. The specified maximum rms is typically 0.4-0.6 wide-lane cycles (34-52 c¢m).
If an outlier is detected, all four observation types (code and phase on two frequencies) are rejected.

16.1.2 Data Screening Based on Geometry-Free Linear Combination

Only those observation arcs in which cycle slips have been detected are screened using the
geometry-free combination of the phase observations (see Eqn. (9.24)). At this stage the size of
the wide-lane cycle slip (ny — n2) is known. The geometry-fiee linear combination (L) allows us
to compute the size of the 14 andna cycle slips because it gives us: Ly = L| — L. To determine the
size of the cycle slip on the L linear combination two linear polynomials are fitted through n points,
“n” defined by the user, before and after the cycle slip. The difference between the two polynomials
at the time of the cycle slip is computed. If the fractional part of the difference is smaller than a user
specified limit the n4 cycle slip is accepted and the ny and ng cycle slips are computed. Typically
a value of n=10 is used and a difference smaller than 10 mm. This procedure is only executed to
be able to comect the code observations during the code smoothing step. Because cycle slips oc-
cur rarely, no attempt is made to connect the phase observations. For the phase observations a new
ambiguity is set up at the epoch of the detected cycle slip.

16.1.3 Data Screening Based on lonosphere-Free Linear Combination

‘When developing the program it became evident that sometimes the data was not cleaned success-
fully due to systematic errors in the Melbourne-Wiibbena combination. These systematic emrors are
most likely caused by the filtering and smoothing procedures employed in the receivers. Therefore,
an additional data screening step was added to the program.

In this step we build the difference between ionosphere-free linear combinations for the phase and
code observations, Eqns. (9.19 and 9.20), i.e,, L3 — P3. As in the case of the Melbourne-Wiibbena
combination this linear combination should consist of noise only. The disadvantage is the amplified
noise (about 3 times the noise of the P observations). The noise is thus about 4 times larger than
the noise of the Melboume-Wiibbena combination. Nevertheless, the check is useful for removing
errors caused by systematic effects. The check consists of an outlier rejection scheme, which is
very similar to the one used for screening the Melboume-Wiibbena combination. The starting value
for the maximum rms is larger (typically 1.6-1.8 meters), to account for the higher noise of these
observations.

16.1.4 Code Smoothing

The final step consists of the smoothing of the code observations. The previous program steps have
hopefully cleaned both, code and phase observations. This enables us now to smooth the code ob-
servations, using the carrier phase observations, for the continuous data arcs. For code smoothing
it was decided to actually replace the code observations in a clean observation arc by the phase
observations shifted by the mean difference code-phase in the arc. Of course we have to account for
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Figure 16.2: Code residuals from point positioning. Data from a receiver installed at USNO was used for day
133 0£ 1999

the opposite sign of the ionospheric effect for the code and phase observations. The smoothed code
atepoch ¢ may then be written as:

Pi()

SO+ P 1+ 2- 2 (D) — (@) — (b1 — ) (16D

Pa(t) = alt) + Po— a2+ r—m - (41(8) — (D) — (91 — )

where:

Pr(d) ... Smoothed code measurement at epoch ¢ and frequency F.

dr(t) ... Carrier phase measurement at epoch ¢ and frequency F.

Pr—¢p ... Mean difference between all the accepted code and phase measurements in the

current observation arc on frequency F'.

G1(t) — @a(t) ... Tonospheric delay at the current epoch.

$1— o ... Mean ionospheric delay over all the accepted phase measurements in the current
observation arc.

Figure 16.2 shows the effect of code smoothing. Shown are the residuals of a point positioning
procedure, estimating only the receiver clock offset for each observation epoch and using the CODE
final orbit and satellite clock estimates. The rms error of the residuals in Figure 16.2 are 1.53 and
0.17 meters for the rtaw code residuals and the smoothed code residuals, respectively. The code
smoothing has been quite successful. The smoothed code residuals show systematic errors of up to
one meter. The size of these biases is a function of the noise of the code observations and the number
of observations used in the smoothing interval. One may consider smoothed code observations as
ambiguity-fixed phase observations where the ambiguities were fixed only approximately.

16.1.5 Reliability and Possible Enhancements

RNXSMT has been used routinely at the ATUB since January 1997 for the estimation of receiver and
satellite clock offsets using a network of 80 stations. In addition, the program was also used for all
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the time transfer experiments with our two time transfer terminals. The time transfer observations
are also processed routinely, with a few interrupts, since January 1997. In both applications the
program proved to be very reliable and successful.

There is still room for improvement, however. One possible improvement would be to use the
geometry-free combination of the phase observations for data screening and not only to correct
cycle slips. Currently, data screening is based on code observations; both, the Melbourne-Wiibbena
and the ionosphere-free data screening, use code observations. Therefore, the data cleaning is heav-
ily depending on the quality of the code observations. With AS tumed off this is not too much of
a problem, but with AS tumed on the quality of the code deteriorates significantly in particular for
low elevation data. Itis therefore possible that a significant amount of low elevation observations is
removed from the data in the outlier rejection process. The use of phase observations in the cleaning
process may help to reduce the number of rejected phase observations.

Furthermore, the use of code observations also implies that small outliers in the phase cannot be
detected safely. With a typical mms of 0.5 cycles for the Melboume-Wiibbena combination the 40
outlier detection level is about 160 cm. All (carrier phase) outliers below this level will not be
detected. They will have to be detected by screening the observation residuals after a parameter
estimation step.

Another improvement would consist of weighting the observations with cos? , z being the eleva-
tion angle. The clear elevation angle dependence of the data quality, in particular of code obser-
vations, could then be taken into account. Such a procedure requires additional information like,
¢.g., receiver and satellite positions. The current procedure requires no external input, except for the
RINEX file. Another possibility to weight the observations is by using the signal to noise ratio of
the observations. This information is available in the RINEX files and therefore does not require any
additional external input. One big advantage of our current approach is its complete independency
on the position and velocity of the receiver. This means that this data cleaning method can also
be used for kinematic applications and even for very fast moving object, e.g., Low Earth Orbiting
satellites (LEOs).

16.2 Processing Undifferenced GPS Data

The ZD processing scheme in the Bemese GPS Software is relatively simple. Less steps are re-
quired than for the DD processing. We start with cleaning the data on the RINEX level using the
program RNXSMT (RINEX Smoothing, [Menu2.7.6]). The cleaned RINEX data is converted to
the Bernese data format (RXOBV3, [Memu 2.7.1]). After this step we are ready to perform the pa-
rameter estimation (GPSEST, [Menu 4.5]). Because the cleaning of the undifferenced data is more
difficult than the cleaning of the double-differenced data we have to check and remove outliers in the
residuals using the RESRMS ([Menu 5.3.2]) and SERVOBS ([Menu 5.1]) programs, see Chap-
ter 10. Below we will describe the most important options of these five steps (RNXSMT, RXOBV3,
GPSEST, RESRMS, SERVOBS). We will thereby focus on the options that are different compared
to processing DD-data.

16.2.1 ZD Pre-Processing

The first step in the ZD processing is the cleaning of the undifferenced data. In the Bemese GPS
Software we use the previously described program RNXSMT, [Menu 2.7.6|, for this purpose.
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